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“All truths are easy to understand once they are discovered;
the point is to discover them”
- Galileo Galilei
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Abstract
by Cristina Borda Fortuny
Frequency reconfigurable antennas are becoming a compelling solution for the increas-
ing demand of higher antenna capabilities, since they can operate at tunable narrow
frequency bands while rejecting the undesirable signals from other bands. The aim of
this project is to develop new designs for frequency reconfigurable antennas that can work
across a wide frequency range (from 1 GHz up to 6 GHz) while maintaining stable radia-
tion pattern and polarisation as required by the industry sponsors. A Vivaldi antenna is
considered as the basis for a frequency reconfigurable design as it maintains the radiation
characteristics in its operating band. Dual-band, tri-band and quad-band switched re-
configurable designs are proposed and analysed. These antennas are electronically-tuned
using RF switches which adjust the impedance to reconfigure the operating band of the
antenna. A prototype is tested in an anechoic chamber obtaining good performance.
However, as the switches lead to several challenges, such as the e↵ect of bias lines and
the excessive insertion losses, a new approach is taken. State-of-the-art technologies
are studied and fluid antennas are introduced. Current developments show that liquid
antennas can have radiation e ciencies up to 90 % and conductivities close to copper,
which makes them a good candidate to fulfil the requirements of this project. A hybrid
Vivaldi antenna with an ionised water switch is proposed and a prototype tested. By
introducing ionised water into a specific point of the feed line the operating frequency
of the antenna is adjusted. The replacement of RF switches for electronically-controlled
fluids brings high flexibility, suppression of the bias lines impact, dynamic adjustment
and continuous frequency tuning compared to conventional antenna systems.
Acknowledgements
I would like to express my sincere gratitude to my first supervisor Dr Kenneth Tong
and my second supervisor Dr Kevin Chetty for their constant support, guidance and
motivation.
I cannot forget the valuable help and motivations of the Radar Group colleagues and
the professors in the Friday seminars and co↵ee breaks.
Thanks to the funding bodies of this research project: EPSRC UK and L-3 TRL Tech-
nology.
I am very grateful for the support and good times given by my family and friends even
from far away. Particularly to Jordi, Anna, Sandra and Jianling. To Paula, a good friend
who never stops amazing me. And to Joan, my mentor, who convincingly conveyed a
spirit of adventure in regard to research.
Finally, a special thanks to Xavi for his love, encouragement and support that were
essential to carry out this thesis.
4
List of publications
A list of relevant publications that were produced by the work described in this thesis
is presented here:
(1) C. Borda Fortuny, K. F. Tong, K. Chetty, D. M. Benton, “High-gain frequency
reconfigurable Vivaldi antenna”, IEEE International Symposium on Antennas and
Propagation 2014, Memphis (USA)
(2) C. Borda Fortuny, K. F. Tong, K. Chetty, P. Brittan, “High-gain triple-band
reconfigurable Vivaldi antenna”, IEEE-APS Topical Conference on Antennas and
Propagation in Wireless Communications 2014, Aruba
(3) A. Amiri, C. Borda Fortuny, K. F. Tong, “Reconfigurable antennas for very wide
spectrum monitoring”, 2014 IEEE International Workshop on Electromagnetics,
Sapporo (Japan)
(4) C. Borda Fortuny, A. Amiri, K. F. Tong, “Development of reconfigurable mul-
tiple wideband antenna for radar and monitoring applications”, The 9th European
Conference on Antennas and Propagation, EuCAP 2015, Lisbon (Portugal)
(5) K. F. Tong, C. Borda Fortuny, J.Bai, “Low cost 3D-printed monopole fluid an-
tenna”, International Symposium on Antennas and Propagation, ISAP 2015, Hobart
(Australia)
(6) H. Li, C. Borda Fortuny, K. F. Tong, K. K. Wong, “Coupling-fed frequency
agile monopole fluid antenna”, 2016 IEEE International Conference on Antenna
Measurements & Applications Focus on Antenna Systems, Syracuse (USA)
(7) C. Borda Fortuny, K. F. Tong, K. Chetty, K. K. Wong, “Comparison between
a Novel Liquid Switch and a GaAs MMIC Switch for Reconfiguring the Operating
Frequency of a Vivaldi Antenna”, 2017 IEEE International Workshop on Electro-
magnetics, London (UK)
(8) C. Borda Fortuny, K. F. Tong, K. Chetty, “A low-cost mechanism to reconfigure
the operating frequency band of a Vivaldi antenna for cognitive radio and spec-
trum monitoring applications”, IEEE Transactions on Antennas and Propagation,
(Submitted on 13th March 2017)
5
6(9) C. Borda Fortuny, K. F. Tong, K. Chetty, “A novel liquid-switched to reconfig-
ure the operating frequency of a Vivaldi antenna”, IEEE Antennas and Wireless
Propagation Letters, (In preparation)
(10) C. Borda Fortuny, H. Li, K. F. Tong, K. K. Wong, “A low-cost fluid monopole
antenna for continuous frequency tuning”, IEEE Antennas andWireless Propagation
Letters, (In preparation)
Contents
Declaration of Authorship 1
Abstract 3
Acknowledgements 4
List of publications 5
List of Figures 13
List of Tables 24
Abbreviations 26
Symbols 29
1 Introduction 35
1.1 Aim and objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
1.2 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
1.3 Research contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
1.4 The scientific method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
7
Contents 8
1.5 Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2 Background theory 44
2.1 Antenna parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.1.1 Field regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.1.1.1 Reactive Near-field . . . . . . . . . . . . . . . . . . . . . . 45
2.1.1.2 Radiating Near-field (Fresnel) . . . . . . . . . . . . . . . 46
2.1.1.3 Far-field (Fraunhofer) . . . . . . . . . . . . . . . . . . . . 46
2.1.2 Reflection coe cient . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.1.3 Bandwidth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.1.4 E ciency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.1.5 Directivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.1.6 Gain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.1.7 Radiation pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.1.8 Polarisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.1.9 Phase Centre . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.2 Operating frequency against size . . . . . . . . . . . . . . . . . . . . . . . 60
2.3 Classification by geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.3.1 Wire antennas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.3.2 Aperture antennas . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.4 Resonant antennas and travelling wave antennas . . . . . . . . . . . . . . 62
2.4.1 Resonant antennas . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
2.4.2 Travelling wave antennas . . . . . . . . . . . . . . . . . . . . . . . 64
2.5 UWB antennas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
Contents 9
2.5.1 Advantages and disadvantages . . . . . . . . . . . . . . . . . . . . 65
2.5.2 UWB antenna parameters . . . . . . . . . . . . . . . . . . . . . . . 66
2.5.3 Vivaldi antenna . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
2.6 Reconfigurable antennas . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
2.6.1 Importance of reconfigurable antennas . . . . . . . . . . . . . . . . 70
2.6.2 Applications of reconfigurable antennas . . . . . . . . . . . . . . . 71
2.7 Summary of chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3 Literature review 73
3.1 Frequency reconfigurable antennas . . . . . . . . . . . . . . . . . . . . . . 74
3.1.1 Discrete tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.1.1.1 Bias lines . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.1.2 Continuous tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.1.3 Reconfiguration combining switching and continuous tuning . . . . 81
3.2 Antennas with reconfigurable polarisation . . . . . . . . . . . . . . . . . . 82
3.3 Radiation pattern reconfigurable antennas . . . . . . . . . . . . . . . . . . 85
3.4 RF switches comparison summary . . . . . . . . . . . . . . . . . . . . . . 89
3.5 Reconfigurable Vivaldi antennas . . . . . . . . . . . . . . . . . . . . . . . 89
3.6 New technologies on reconfigurable antennas . . . . . . . . . . . . . . . . 93
3.7 Summary of chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4 Frequency-reconfigurable switched Vivaldi antennas 100
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.2 Design of a Vivaldi antenna . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.2.1 Basic Vivaldi antenna . . . . . . . . . . . . . . . . . . . . . . . . . 101
Contents 10
4.2.2 Improvements on the basic Vivaldi antenna . . . . . . . . . . . . . 109
4.3 RF switch to tune a reconfigurable antenna . . . . . . . . . . . . . . . . . 111
4.4 Frequency-reconfigurable Vivaldi antenna . . . . . . . . . . . . . . . . . . 113
4.4.1 Technical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.4.2 Dual-band switched design . . . . . . . . . . . . . . . . . . . . . . 116
4.4.3 Tri-band switched design . . . . . . . . . . . . . . . . . . . . . . . 118
4.4.4 Quad-band switched design . . . . . . . . . . . . . . . . . . . . . . 119
4.5 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
4.5.1 Dual-band switched design . . . . . . . . . . . . . . . . . . . . . . 120
4.5.2 Tri-band switched design . . . . . . . . . . . . . . . . . . . . . . . 122
4.5.3 Quad-band switched design . . . . . . . . . . . . . . . . . . . . . . 123
4.6 Measurements for design A: dual-band reconfigurable Vivaldi antenna
using RF-MEMS switches . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
4.7 Design B: dual-band reconfigurable Vivaldi antenna using a GaAs MMIC
switch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
4.7.1 Antenna geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
4.7.2 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
4.7.2.1 Operating frequency and gain . . . . . . . . . . . . . . . 132
4.7.2.2 Radiation pattern . . . . . . . . . . . . . . . . . . . . . . 135
4.7.2.3 Current distributions . . . . . . . . . . . . . . . . . . . . 138
4.8 Antenna verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
4.8.1 RF switch measurements . . . . . . . . . . . . . . . . . . . . . . . 145
4.8.2 Measurement procedure . . . . . . . . . . . . . . . . . . . . . . . . 147
4.8.3 Measured reflection coe cient and gain results for design B . . . . 153
Contents 11
4.8.4 Comparison test and simulation results . . . . . . . . . . . . . . . 153
4.9 Analytical modelling for antenna parameters . . . . . . . . . . . . . . . . 155
4.10 A reconfigurable antenna versus a combination of antenna and filter system161
4.11 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5 Reconfigurable antennas using ionised solutions 168
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
5.2 Fluid antennas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
5.2.1 Introduction to fluid antennas . . . . . . . . . . . . . . . . . . . . . 170
5.2.2 New concept: Antennas-on-demand . . . . . . . . . . . . . . . . . 171
5.2.3 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
5.2.4 Study of di↵erent ionised solutions and concentrations . . . . . . . 175
5.2.5 Initial designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
5.2.5.1 Copper monopole . . . . . . . . . . . . . . . . . . . . . . 179
5.2.5.2 EGaIn monopole . . . . . . . . . . . . . . . . . . . . . . . 180
5.2.5.3 Reconfigurable EGaIn monopoles . . . . . . . . . . . . . 182
5.2.6 KCl solution monopole . . . . . . . . . . . . . . . . . . . . . . . . . 184
5.3 Design C: Liquid-controlled reconfigurable Vivaldi antenna . . . . . . . . 192
5.3.1 Antenna geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
5.3.2 Simulated results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
5.3.3 Study of di↵erent ionised solutions and concentrations . . . . . . . 197
5.3.4 Antenna verification . . . . . . . . . . . . . . . . . . . . . . . . . . 199
5.3.4.1 Test and simulation results comparison . . . . . . . . . . 200
5.3.4.2 Design B and design C measurements comparison . . . . 202
Contents 12
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
6 Conclusion and Future Work 207
6.1 Requirements of the project . . . . . . . . . . . . . . . . . . . . . . . . . . 207
6.2 Switched reconfigurable antennas . . . . . . . . . . . . . . . . . . . . . . . 209
6.3 Hybrid reconfigurable antenna . . . . . . . . . . . . . . . . . . . . . . . . 210
6.4 Fulfilling the project aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
6.5 Novel contributions to research . . . . . . . . . . . . . . . . . . . . . . . . 214
6.6 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
Bibliography 216
A Software package 228
A.1 Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
A.2 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
B Relation between antenna design equations and frequency 232
List of Figures
1.1 DroneGun as a countermeasure against some rogue drones [4]. . . . . . . . 36
1.2 3D-printed UAV (from University of Southampton) [8]. . . . . . . . . . . . 36
1.3 Scientific method applied in this project. . . . . . . . . . . . . . . . . . . . 41
2.1 Antenna radiation pattern typical shape changes for the di↵erent regions
in the near and far field [16]. . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.2 Two-port network inputs and outputs to create the S-parameters matrix. 48
2.3 Flow chart showing the relation between realised gain, gain and directivity
with e ciencies, based on [13]. . . . . . . . . . . . . . . . . . . . . . . . . 52
2.4 Representation of the radiation pattern in spherical coordinates and di-
rectivity D, based on [19]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.5 Two-dimensional normalised example radiation pattern in dB [14]. . . . . 54
2.6 E-plane and H-plane radiation patterns for a pyramidal horn antenna
with H-field and E-field aperture distributions [14]. . . . . . . . . . . . . . 55
2.7 Rotation of a plane electromagnetic wave and its polarisation ellipse at
z = 0 as a function of time [14]. . . . . . . . . . . . . . . . . . . . . . . . . 56
2.8 Phase centre is located at (0,0,15.99) cm for a Dual-Ridge Horn Antenna
at 2 GHz. In this case the phase centre is closer to the wide aperture. . . 59
13
List of Figures 14
2.9 Phase centre is located at (0,0,8.60) cm for a Dual-Ridge Horn Antenna
at 5 GHz. In this case the phase centre is closer to the narrow aperture
of the antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
2.10 E-field and H-field for a dipole antenna. . . . . . . . . . . . . . . . . . . . 63
2.11 Magnetic and Electric Fields radiation [22]. . . . . . . . . . . . . . . . . . 63
2.12 Vivaldi Antenna [34]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.1 Reconfigurable rhombic antenna designed by Bruce and Beck [41]. . . . . 73
3.2 Schematic of a rhombic antenna’s operation and its radiation pattern [14]. 74
3.3 S11 parameter of a switched antenna that works at 4 di↵erent bands:
560 MHz, 625 MHz, 710 MHz and 950 MHz [3]. . . . . . . . . . . . . . . . 75
3.4 Printed dipole using RF-MEMS switches to switch on/o↵ a part of it. . . 76
3.5 Reconfigurable aperture antenna based on switched links between electri-
cally small metalllic patches [44]. . . . . . . . . . . . . . . . . . . . . . . . 76
3.6 Slot antenna using four PIN diodes [3]. . . . . . . . . . . . . . . . . . . . . 77
3.7 Printed dipole with silicon photoconductive switches [51]. . . . . . . . . . 79
3.8 S11 parameter of a continuous tuning antenna that operates between
270 MHz and 470 MHz [52]. . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.9 A microstrip patch antenna that uses two varactor diodes for continuous
tuning [53]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.10 Reconfigurable out-of-plane microstrip patch antenna [54]. . . . . . . . . . 81
3.11 Thin layer of LC in a microstrip patch antenna [55, 56]. . . . . . . . . . . 81
3.12 Macro-micro frequency tuning antenna for reconfigurable wireless com-
munication systems [57]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
3.13 RF-MEMS switches tuning polarisation in a microstrip patch antenna [58]. 83
List of Figures 15
3.14 Microstrip slotted-patch antenna with PIN diodes to tune antenna polar-
isation [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.15 U-shaped microstrip feed line in a ring antenna [61]. . . . . . . . . . . . . 84
3.16 Current flowing in a circularly polarised ring antenna [61]. . . . . . . . . . 85
3.17 Vee antenna using MEMS to steer the main lobe [63]. . . . . . . . . . . . 86
3.18 Reconfigurable annular slot antenna using PIN diodes [64]. . . . . . . . . 86
3.19 Radiation patterns of the reconfigurable annular slot antenna [64]. . . . . 87
3.20 Diagram of the driven element with the two parasitic elements [65]. . . . . 87
3.21 Radiation patterns depending on parasitic elements length [65]. . . . . . . 88
3.22 Four-band reconfigurable antenna with ring resonators [70]. . . . . . . . . 90
3.23 Tunable stop band Vivaldi antenna, (a) front view, (b) rear view with
zoom in the resonator [72]. . . . . . . . . . . . . . . . . . . . . . . . . . . 91
3.24 Halved Vivaldi antenna with tunable stop band [73]. . . . . . . . . . . . . 91
3.25 Reflectarray using RF-MEMS switches to perform beam steering [74]. . . 92
3.26 Antipodal Vivaldi antenna with a reconfigurable band notch [76]. . . . . . 92
3.27 Current distribution for in-band (left) and out-of-band (right) operation
of an Antipodal Vivaldi antenna with SRR and switches [77]. . . . . . . . 93
3.28 Liquid dipole encased using an elastomer and being stretched [78]. . . . . 94
3.29 Microstrip patch antenna using a multilayer microfluidic serpentine chan-
nels [80]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
3.30 CPW folded slot antenna with fluid metal channels on top to reconfigure
the resonant frequency [83]. . . . . . . . . . . . . . . . . . . . . . . . . . . 96
3.31 Seawater monopole antenna [88]. . . . . . . . . . . . . . . . . . . . . . . . 97
4.1 Diagram of the top layer of a Vivaldi antenna. . . . . . . . . . . . . . . . 103
List of Figures 16
4.2 Diagram of the bottom layer of a Vivaldi antenna. . . . . . . . . . . . . . 103
4.3 Bottom view of the simulated basic Vivaldi antenna with circular stub. . . 104
4.4 Top view of the simulated basic Vivaldi antenna with radial stub. . . . . . 105
4.5 Simulated S11 for basic Vivaldi antenna. . . . . . . . . . . . . . . . . . . . 105
4.6 Simulated gain against frequency for basic Vivaldi antenna. . . . . . . . . 106
4.7 Surface current distribution for the basic Vivaldi antenna. . . . . . . . . . 107
4.8 3D view radiation pattern of the basic Vivaldi antenna at 3 GHz. . . . . . 108
4.9 E-plane (red) and H-plane (green) radiation patterns of the basic Vivaldi
antenna at 3 GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.10 Simulated time signals, i1 (input signal) o1,1 (output signal) of the basic
Vivaldi antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.11 Simulated group delay of the basic Vivaldi antenna with a peak of 2 ns
at 3.36 GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.12 Vivaldi antenna with dielectric extension. . . . . . . . . . . . . . . . . . . 110
4.13 Simulated gain comparison of the basic Vivaldi with no extension and the
basic Vivaldi with dielectric extension. . . . . . . . . . . . . . . . . . . . . 110
4.14 Radant RMSW100 RF-MEMS switches evaluation board. . . . . . . . . . 111
4.15 S-parameters for Radant RMSW100 RF-MEMS switches in OFF mode. . 112
4.16 S-parameters for Radant RMSW100 RF-MEMS switches in ON mode. . . 112
4.17 Experiment setup for Design A. . . . . . . . . . . . . . . . . . . . . . . . . 113
4.18 Geometry of the dual-band switched design with two RF switches, indi-
cating the lengths of the stub and the slot. . . . . . . . . . . . . . . . . . 114
4.19 Current distribution for low-band mode. Left image is in-band operation,
right image is out-band operation. . . . . . . . . . . . . . . . . . . . . . . 116
List of Figures 17
4.20 Current distribution for high-band mode. Left image is in-band operation,
right image is out-band operation. . . . . . . . . . . . . . . . . . . . . . . 117
4.21 Geometry of the tri-band switched design using four switches, indicating
the position in the stub and the slot. . . . . . . . . . . . . . . . . . . . . . 118
4.22 Geometry of the quad-band switched design using six switches and indi-
cating the position of the switches in the stub and the slot. . . . . . . . . 119
4.23 Simulated S11 parameter and realised gain of the dual-band switched Vi-
valdi antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.24 Simulated E-plane radiation pattern (left) and H-plane radiation pattern
(right) of the dual-band switched Vivaldi antenna at 2.7 GHz for the low
band and at 3.9 GHz for the high band. . . . . . . . . . . . . . . . . . . . 121
4.25 Simulated S11 parameter and realised gain of the tri-band reconfigurable
Vivaldi antenna for low-band, mid-band and high-band modes. . . . . . . 122
4.26 Simulated E-plane radiation pattern (left) and H-plane radiation pattern
(right) of the tri-band design at 2 GHz for the low band, at 3.75 GHz for
the mid band and at 5.2 GHz for the high band. . . . . . . . . . . . . . . 123
4.27 Simulated S11 parameter and realised gain of the quad-band switched
Vivaldi antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
4.28 Radiation pattern of quad-band design at 2 GHz (Top-left), 3 GHz (Top-
right), 4 GHz (Bottom-left) and 5 GHz (Bottom-right). . . . . . . . . . . 125
4.29 Simulated E-plane radiation patterns (left) and H-plane radiation pat-
terns (right) of the quad-band switched design at 2 GHz for the low band,
at 2.8 GHz for the mid band 1, at 3.9 GHz for the mid band 2 and at
5.3 GHz for the high band. . . . . . . . . . . . . . . . . . . . . . . . . . . 125
List of Figures 18
4.30 Top layer connected to the Radant driver to control the switches of the
prototype for design A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
4.31 Bottom layer of the prototype for design A. . . . . . . . . . . . . . . . . . 126
4.32 Zoom in the microstrip line stub for prototype of design A. . . . . . . . . 127
4.33 Zoom in the slot switch for prototype of design A. . . . . . . . . . . . . . 127
4.34 Measured and simulated reflection coe cient for design A. . . . . . . . . . 128
4.35 Bottom layer (left) and top layer (right) of CST model of design B. . . . . 129
4.36 Bottom layer (left) and top layer (right) of design B. . . . . . . . . . . . . 130
4.37 Quarter-wave cut to separate the ground plane in design B. . . . . . . . . 131
4.38 Typical application circuit of the HMC550AE RF switch [68]. . . . . . . . 131
4.39 Top layer of design B. Zoomed in at the RF switch layout to connect the
HMC550AE switch to the slot on the bottom layer. . . . . . . . . . . . . . 133
4.40 Simulated S11 parameter and realised gain of design B. . . . . . . . . . . . 133
4.41 3D radiation pattern at 3 GHz (selected band) for low-band mode. . . . . 134
4.42 3D radiation pattern at 4.7 GHz (higher band) for low-band mode. . . . . 135
4.43 3D radiation pattern at 4.2 GHz for high-band mode. . . . . . . . . . . . 136
4.44 3D radiation pattern at 3 GHz for high-band mode. . . . . . . . . . . . . 136
4.45 3D radiation pattern at 4.7 GHz for high-band mode. . . . . . . . . . . . 137
4.46 3D radiation pattern at 4.2 GHz for low-band mode. . . . . . . . . . . . . 137
4.47 Polar plot of E-plane and H-plane normalised radiation patterns for low-
band mode at 3 GHz (green line) and high-band mode at 4.2 GHz (red
line) of design B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
4.48 Polar plot of E-plane and H-plane radiation patterns for low-band mode
(green line) and high-band mode (red line) at 3 GHz of design B . . . . . 140
List of Figures 19
4.49 Polar plot of E-plane and H-plane radiation patterns for low-band mode
(green line) and high-band mode (red line) at 4.2 GHz of design B. . . . . 141
4.50 Current distribution for low-band mode at 3 GHz of design B. . . . . . . . 142
4.51 Current distribution for high-band mode at 3 GHz of design B. . . . . . . 142
4.52 Current distribution for low-band mode at 4.7 GHz of design B. . . . . . . 143
4.53 Current distribution for high-band mode at 4.2 GHz of design B. . . . . . 143
4.54 Current distribution for low-band mode at 4.2 GHz of design B. . . . . . . 144
4.55 Prototype fabricated for design B. . . . . . . . . . . . . . . . . . . . . . . 146
4.56 Experiment setup for Design B. . . . . . . . . . . . . . . . . . . . . . . . . 147
4.57 Measurement of the S-parameters for the RF switch HMC550AE. . . . . . 148
4.58 Control board of the RF switch. . . . . . . . . . . . . . . . . . . . . . . . 148
4.59 Measured S-parameters for HMC550AE switch in ON mode. . . . . . . . 149
4.60 Measured S-parameters for HMC550AE switch in OFF mode. . . . . . . . 149
4.61 Measuring the prototype of design B in the anechoic chamber. . . . . . . 150
4.62 The AUT with the switch-controlling board in the turntable of the ane-
choic chamber. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
4.63 Measured (solid lines) and simulated (dashed lines) S11 for design B. . . . 154
4.64 Measured (solid lines) and simulated (dashed lines) gain for design B. . . 154
4.65 Measured (red solid line) and simulated (blue dashed line) E-plane and
H-plane radiation pattern for low-band mode of design B. . . . . . . . . . 155
4.66 Measured (red solid line) and simulated (blue dashed line) E-plane and
H-plane radiation pattern for the high-band mode of design B. . . . . . . 156
4.67 Top view of the reconfigurable Vivaldi antenna with design parameters. . 157
4.68 Bottom view of the reconfigurable Vivaldi antenna with design parameters.158
List of Figures 20
4.69 S11 parameter for the di↵erent operating bands of the reconfigurable Vi-
valdi antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
4.70 Current distributions for di↵erent rejected frequencies in the reconfig-
urable Vivaldi antenna design. . . . . . . . . . . . . . . . . . . . . . . . . 160
4.71 Realised gain for the di↵erent operating bands of the reconfigurable Vi-
valdi antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
4.72 RLC band-pass filter of order 3 generated using CST MWS. . . . . . . . . 162
4.73 Simulated reflection coe cient for a Vivaldi + RLC filter system. . . . . . 162
4.74 Simulated gain for a Vivaldi + RLC filter system. . . . . . . . . . . . . . . 163
4.75 Simulated reflection coe cient for a Vivaldi + B033ND5S filter system. . 164
4.76 Simulated gain for a Vivaldi + B033ND5S filter system. . . . . . . . . . . 164
5.1 Deformable fluid button when activated [107]. . . . . . . . . . . . . . . . . 171
5.2 Deformable button when deactivated [107]. . . . . . . . . . . . . . . . . . 172
5.3 Touchable tactile display with deformable buttons [107]. . . . . . . . . . . 172
5.4 Example of application of the deformable keyboard in a laptop [107]. . . . 173
5.5 Microchannel fabrication process using soft lithography [78]. . . . . . . . . 174
5.6 Form 1+ high-resolution 3D printer [109]. . . . . . . . . . . . . . . . . . . 175
5.7 Experiment setup for permittivity measurements of ionised solutions. . . . 176
5.8 Measured relative permittivity for di↵erent concentrations of NaCl and KCl
solutions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
5.9 Measured loss tangent for di↵erent concentrations of NaCl and KCl. . . . 177
5.10 Measured conductivity for di↵erent concentrations of NaCl and KCl. . . . 178
5.11 A monopole design with PDMS encasing. . . . . . . . . . . . . . . . . . . 179
5.12 Simulated S11 parameter of copper monopole. . . . . . . . . . . . . . . . . 180
List of Figures 21
5.13 S11 parameter for EGaIn monopole. . . . . . . . . . . . . . . . . . . . . . 180
5.14 Radiation pattern of EGaIn monopole. . . . . . . . . . . . . . . . . . . . . 181
5.15 E-plane comparison between copper monopole and EGaIn monopole. . . . 181
5.16 Surface current distribution for EGaIn monopole. . . . . . . . . . . . . . . 182
5.17 S11 parameter for di↵erent heights of EGaIn monopole. . . . . . . . . . . 183
5.18 E-plane radiation pattern for di↵erent heights of EGaIn monopole. . . . . 183
5.19 Reconfigurable design using multiple fluid monopole antennas. . . . . . . 184
5.20 Ionised solution monopole antenna design. . . . . . . . . . . . . . . . . . . 185
5.21 Cut view of the ionised solution monopole antenna design. . . . . . . . . . 185
5.22 S11 parameter for di↵erent KCl solution heights in an ionised solution
monopole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
5.23 Simulated realised gain for di↵erent KCl solution heights in an ionised
solution monopole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
5.24 S11 parameter for di↵erent container inner radius in an ionised solution
monopole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
5.25 Simulated realised gain for di↵erent container inner radius in an ionised
solution monopole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
5.26 Simulated e ciency for di↵erent container radius in an ionised solution
monopole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
5.27 Real and imaginary part of Z11 for di↵erent container radius in an ionised
solution monopole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
5.28 Surface current distribution for three resonances of an ionised solution
monopole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
5.29 Radiation pattern for three resonances of an ionised solution monopole. . 189
List of Figures 22
5.30 Simulated S11 for di↵erent water heights in the simulated ionised solution
monopole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
5.31 Real and imaginary part of Z11 for di↵erent container inner radius in the
simulated ionised solution monopole. . . . . . . . . . . . . . . . . . . . . . 190
5.32 Fabricated KCl solution monopole measurements. . . . . . . . . . . . . . . 191
5.33 Measured S11 for di↵erent water heights in the KCl solution monopole. . . 192
5.34 Bottom and top layers of design C with conductive encased fluid as a switch.194
5.35 Conductive encased fluid in the slot of design C. . . . . . . . . . . . . . . 194
5.36 Case with dimensions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
5.37 Cut view of case with dimensions. . . . . . . . . . . . . . . . . . . . . . . 195
5.38 Simulated reflection coe cient and gain for design C. . . . . . . . . . . . . 195
5.39 Surface current distribution in-band and out-of-band in low-band mode. . 196
5.40 Surface current distribution in-band and out-of-band in high-band mode. 197
5.41 Simulated e ciency for design C. . . . . . . . . . . . . . . . . . . . . . . . 197
5.42 Simulated total e ciency for di↵erent concentrations of NaCl and KCl
solutions and compared to the simulated e ciency of design B. . . . . . . 198
5.43 Prototype fabricated for design C. . . . . . . . . . . . . . . . . . . . . . . 199
5.44 Experiment setup for Design C. . . . . . . . . . . . . . . . . . . . . . . . . 200
5.45 Simulated and measured reflection coe cient comparison for design C. . . 201
5.46 Simulated and measured gain comparison for design C. . . . . . . . . . . . 201
5.47 Measured (red) and simulated (blue) radiation pattern in low-band mode
at 3.2 GHz of design C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
5.48 Measured (red) and simulated (blue) radiation pattern in high-band mode
at 4.5 GHz of design C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
List of Figures 23
5.49 Measured reflection coe cient compared for design B and design C. . . . 203
5.50 Measured gain comparing results for design B and design C. . . . . . . . . 203
B.1 Top and bottom view of the Vivaldi antenna with design parameters. . . . 233
B.2 Relation between slot length and frequency described in equation B.1. . . 234
B.3 Relation between stub length and frequency described in equation B.2. . . 234
B.4 Relation between stub position and frequency described in equation B.3. . 235
List of Tables
2.1 Table describing the di↵erent types of radiation patterns. . . . . . . . . . 54
2.2 Table describing di↵erent types of wire antennas. . . . . . . . . . . . . . . 61
2.3 Table describing di↵erent types of aperture antennas. . . . . . . . . . . . . 62
2.4 Examples of UWB antennas. . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.1 Antenna reconfiguration techniques. . . . . . . . . . . . . . . . . . . . . . 74
3.2 Switching techniques parameters comparison. . . . . . . . . . . . . . . . . 89
4.1 Radant RMSW100 RF-MEMS switch characteristics [66]. . . . . . . . . . 111
4.2 Operation of the switches for low-band mode and high-band mode. . . . . 117
4.3 Operation of the switches for low-band mode, mid-band mode and high-
band mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.4 Switch configuration for the quad-band switched Vivaldi antenna. . . . . . 120
4.5 Simulated frequency and gain results for the dual-band switched Vivaldi
antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.6 Simulated frequency and gain results for the tri-band switched Vivaldi
antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.7 Simulated radiation pattern results for the tri-band switched design. . . . 123
24
List of Tables 25
4.8 Simulated frequency and gain results for the quad-band switched Vivaldi
antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
4.9 Design parameters for design B. . . . . . . . . . . . . . . . . . . . . . . . . 130
4.10 Simulated performance for design B. . . . . . . . . . . . . . . . . . . . . . 134
4.11 Simulated HPBW for the di↵erent modes of design B. . . . . . . . . . . . 138
4.12 Measured results for design B. . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.13 Dielectric Laboratories B033ND5S band-pass filter characteristics [97]. . . 163
5.1 Concentration of grams per litre for each measured ionised solution. . . . 176
5.2 Value for the design parameters for design C. . . . . . . . . . . . . . . . . 193
5.3 Design parameters for the case in design C. . . . . . . . . . . . . . . . . . 193
6.1 Advantages and disadvantages of fluid antennas. . . . . . . . . . . . . . . 211
Abbreviations
AC Alternating Current
AUT Antenna Under Test
BW Bandwidth
CCW Counterclockwise
CPW Coplanar Waveguide
CST Computer Simulation Technology
CW Clockwise
dB decibels
DC Direct Current
DIY Do It Yourself
DPCA Displaced Phase Centre Antenna
DRA Dielectric Resonator Antenna
E-field Electric field
E-plane Electric plane radiaton pattern
EGaIn Eutectic Gallium Indium
EM Electromagnetic
ESD Electrostatic Discharge
FET Field-E↵ect Transistor
26
Abbreviations 27
FIT Finite Integration Technique
FNBW First-Null Beamwidth
GaAs Gallium Arsenide
GMT Ground Moving Target
GPS Global Positioning System
GSM Global System for Mobile communications
HF High Frequency
H-field Magnetic field
H-plane Magnetic plane radiation pattern
HPBW Half-Power Beamwidth
IED Improvised Explosive Device
IFA Inverted F Antenna
KCl Potassium chloride
LC Liquid Crystal
LHCP Left Hand Circular Polarisation
LED Light Emitting Diode
LTCC Low Temperature Co-Fired Ceramic
LTE Long Term Evolution
MGE Maxwell’s Grid Equations
MIMO Multiple-Input Multiple-Output
MMIC Monolithic Microwave Integrated Circuit
NaCl Sodium chloride
OSM Open-Short-Match calibration
PCB Printed Circuit Board
Abbreviations 28
PDMS Polydimethylsiloxane
RCS Radar Cross Section
RF Radio Frequency
RF-MEMS Radio Frequency Micro-Electro-Mechanical-Systems
RHCP Right Hand Circular Polarisation
RL Return Loss
SLA Stereolithography
SMA SubMiniature version A
SMT Surface Mount Technology
SNR Signal-to-Noise Ratio
SOT Small-Outline Transistor
SPST Single-Pole Single-Throw
SRR Split Ring Resonator
TSA Tapered Slot Antenna
UAV Unmanned Aerial Vehicle
UAS Unmanned Aerial System
UHF Ultra High Frequency
UMTS Universal Mobile Telecommunications System
UWB Ultra-Wideband
VHF Very High Frequency
VNA Vector Network Analyser
VSWR Voltage Standing Wave Ratio
WLAN Wireless Local Area Network
3D 3-Dimensional
Symbols
a1 incident power in port 1 W
a2 reflected power in port 2 W
b1 reflected power in port 1 W
b2 incident power in port 2 W
~B magnetic flux density Wb/m2
c speed of light m/s
C capacitance F
D directivity dBi
Ddim major dimension of an antenna m
~D electric flux density C/m2
f frequency Hz
F noise figure dB
fhigh upper frequency Hz
flow lower frequency Hz
fc centre frequency Hz
G antenna gain dBi
GAUT gain of the AUT dBi
GR realised gain dBi
29
Symbols 30
Gref gain of the reference antenna dBi
Gsource gain of the source antenna dBi
I radiation intensity W/unit solid angle
~J electric current density A/m2
k wave phase constant m
L loss dB
Lantenna antenna length m
Lcut cut length m
Lflare flare length m
Lslot slot length m
Lstub stub length m
M1 impedance mismatch 1 1
M2 impedance mismatch 2 1
P power W (J/s)
PA supplied power W (J/s)
Pin incident power W (J/s)
PM power matched to a transmission line W (J/s)
Po power accepted by an antenna W (J/s)
Pout1 received power of experiment 1 dB
Pout2 received power of experiment 2 dB
Pref reflected power W (J/s)
Pr radiated power W (J/s)
Posstub stub position m
Posswitch RF-switch position m
Symbols 31
Q quality factor 1
r sphere radius m
R distance to antenna center m
Rr radiation resistance ⌦
RL return loss dB
RL conduction-dielectric loss ⌦
S11 Reflection coe cient at port 1 dB
S12 Transmission coe cient from ports 2 to 1 dB
S21 Transmission coe cient from ports 1 to 2 dB
S22 Reflection coe cient at port 2 dB
t time s
Vi incident wave V
Vmax max value of standing wave V
Vmin min value of standing wave V
Vr reflected wave V
Wantenna antenna width m
Wcut cut width m
WHB aperture’s narrow part width m
WLB aperture’s wide part width m
Wslot slot width m
Wstub stub width m
ZA antenna impedance ⌦
ZL load impedance ⌦
Z0 characteristic impedance ⌦
Symbols 32
  reflection coe cient 1
tan  loss tangent rad
 s skin depth m
"eff e↵ective permittivity F/m
"
0
r real part of relative permittivity 1
"
00
r imaginary part of relative permittivity 1
"r relative permittivity 1
"0 free-space permittivity F/m
⌘0 total e ciency 1
⌘r reflection e ciency 1
⌘cd conduction & dielectric e ciency 1
✓ elevation angle rad
  wavelength m
 g guided wavelength m
 0 free-space wavelength m
µr relative permeability 1
µ0 free-space permeability N/A2
⇢ resistivity of a medium ⌦·m
  conductivity of a medium S/m
tan  loss tangent 1
 p phase velocity m/s
' azimuth angle rad
 c capacitive reactance ⌦
Symbols 33
! angular frequency rad/s
} power density W/m2
}i power density of the isotropic antenna W/m2
For Xavi
34
Chapter 1
Introduction
Nowadays, electronic devices use several wireless standards to communicate: GSM,
UMTS, GPS, Wi-Fi, LTE, etc. Each of these technologies operates at a specific fre-
quency band, for example GSM-850 operates between 824 MHz and 849 MHz, while
LTE in Europe operates at the bands of 700 MHz, 800 MHz, 900 MHz, 1800 MHz and
2600 MHz [1]. This means, devices need a narrowband antenna which can operate at
each particular band or a system that can switch bands. For these applications one
could cascade an ultra-wideband antenna with filters in the receiver, but this would
increase size, cost, power consumption and insertion loss while diminishing flexibility
in the design. On the other hand, narrowband frequency reconfigurable antennas are
a feasible solution since they can operate in one frequency band with the necessary re-
jection of out-of-band signals, thereby relaxing the requirements of the receiving system
and increasing signal-to-noise ratio (SNR) [2]. Multiband antennas supporting di↵erent
frequency bands may not be a suitable solution in terms of high SNR and e ciency [3].
In security applications a narrowband antenna is even more critical because jamming
signals can saturate the receiver in wideband systems, which may result in no commu-
nication at all. Furthermore, highly directive antennas can be used to maximise power
transfer and reduce signal from unwanted directions for remote sensing. Additionally,
stealth is a vital property in military camouflaged applications. Hence a reconfigurable
antenna that can beam-form its radiation pattern to remain unnoticed or even suppress
its RCS signature is a desirable configuration.
Moreover, with the arrival of a↵ordable unmanned aerial vehicle (UAV) technology,
rogue drones are a growing problem. UAV enable crimes to be committed without the
presence of the perpetrator. Crimes such as drug smuggling, attempted assassinations
or even simple interference in a controlled airspace have already been attempted. On
35
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Figure 1.1: DroneGun as a countermeasure against some rogue drones [4].
the other hand, UAV can also operate as wireless communications aid systems to in-
crease coverage as explained in [5], which would be essential in emergency situations
for example. Rogue drones can interfere with such a system. Thus, the authorities are
already looking into anti-UAV systems to disable any unauthorised drone using trained
eagles, drone-killing drones or even a “DroneGun” that jams the drone’s communica-
tions forcing it to land (see Figure 1.1). This jamming system is the safest as it can force
the drone to land without disabling it while flying in the sky. Most commercial drones
are controlled at the 2.4 GHz and the 5.8 GHz bands with frequency hopping or spread
spectrum [6]. Although there are some DIY drones as shown in Figure 1.2 that operate
at other amateur radio or unlicensed spectrum bands such at 430 MHz, 900 MHz or
1.2 GHz [7]. In order to jam drone signals the spectrum needs to be monitored to make
a decision to jam only the actual operating band. Frequency reconfigurable antennas are
an ideal candidate for these applications as they can operate at a selected band without
a↵ecting other bands providing high gain and high-power handling.
Figure 1.2: 3D-printed UAV (from University of Southampton) [8].
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In addition, new technologies make it possible for antennas to meet higher demands.
For example, novel materials like Galinstan, which is considered a new class of liquid
metal to replace the toxic mercury [9], enable stretchable electronics that can target
applications, such as biomedical devices in direct contact with the human body, that
were not possible with solid antennas [10, 11].
1.1 Aim and objectives
As the growth of wireless communications demands higher antenna capabilities, the
requirements given by the industry sponsors for the antenna designs in this project are:
• frequency tuning
• low cost
• low power consumption
• portability
• high gain
• wideband operation
• stable radiation patterns
• minimum isolation of 14 dB between bands
A good isolation between bands is taken to be a minimum of -14 dB because it represents
a power ratio of 25 between the gain for in-band and out-band operation.
Therefore, the aim of this research project is to develop a new design of reconfigurable
antenna that can operate across a wide frequency range while maintaining its radiation
characteristics, such as radiation pattern and polarisation, and fulfilling the industrial
requirements. The industrial sponsors demand a reconfigurable antenna for security
spectrum monitoring and cognitive radio applications.
On one hand, high gain is required to recognise attenuated communications of interest,
while on the other hand a stable radiation pattern across a wide frequency range is
essential because the antenna is required to be pointing to a specific direction across
frequency in spectrum surveillance. If an antenna changes the direction of the main lobe
in its operating band, the antenna needs to be realigned depending on the operating
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frequency and this is not a desirable feature. In cognitive radio an antenna is required
to be dynamically adaptive and provide high isolation between frequency bands with
high directivity for the desirable direction. A reconfigurable antenna with these char-
acteristics would improve successful operations by speeding up the surveillance process
and making it more reliable because of the higher SNR while maximising e ciency.
Therefore, a wideband antenna is taken as the basis for the proposed reconfigurable
antenna as it will maintain the radiation characteristics in its whole band. Because part
of the project requirements are wide frequency range and reconfigurable band rejection,
a Vivaldi antenna is a good candidate for this research project. The Vivaldi antenna
satisfies these requirements and presents high gain and e ciency [12]. These will be
evaluated at a later stage. Therefore, this research project will study di↵erent methods
to dynamically tune the Vivaldi antenna to achieve several highly-isolated bands.
First, RF switches are considered. However, when RF switches are introduced to re-
configure an antenna, several challenges arise. RF switches cause excessive insertion
losses, add an extra cost to the system, are not easily integrated in a design and require
bias lines which a↵ect the antenna performance. Therefore, in the second part of this
research project, a new approach is taken by introducing a liquid-switch into the Vivaldi
reconfigurable design.
Liquid antennas are studied as a starting point to determine the feasibility of using
ionised solutions as radiators. Then, an ionised solution reconfigurable monopole is
proposed and its performance analysed. As satisfactory results are achieved, a novel
concept is proposed: “antennas-on-demand”. Antennas-on-demand can be made avail-
able or non-radiating to eliminate detection and interferences when necessary. This is
advantageous for security applications where stealth capabilities are crucial.
Since ionised solutions achieve good performance capabilities as antennas and these
solutions have conductive capabilities, a liquid-switch is proposed using an ionised so-
lution as electrical contact. A liquid switch will provide a low-cost dynamic mechanism
to the Vivaldi reconfigurable antenna eliminating any bias lines e↵ect on the antenna
performance. This liquid switch can be adapted to other antenna designs as it uses a
3D-printed container that can be customised to fit a required shape.
1.2 Scope
This thesis covers the antenna design in terms of operation frequency, polarisation,
impedance, gain and far-field radiation pattern at the frequencies of interest. Operating
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frequencies are within the microwave spectrum between 1 GHz and 6 GHz. The antennas
need to be designed so that they can be fabricated at the departmental workshop. Out
sourcing the design would be a possibility but for a fast and less expensive prototyping
the departmental workshop is selected. Therefore, a planar design on a high performance
substrate with a maximum size of an A4 satisfies the requirement. The substrate needs
to be low loss as the outcome requires high gain, so FR-4 substrate is undesirable.
Low-cost materials are required. A wideband antenna is chosen as the basis of the
reconfigurable design to provide consistent characteristics in all bands. The research
covers the physical design of new reconfigurable antennas and establishes the switching
mechanism, although the automated control method of the switching mechanisms lies
outside the scope of this project.
1.3 Research contributions
The research presented in this thesis is original because it presents new reconfigurable
antennas that maintain consistent radiation pattern, high gain and high isolation across
all operating bands for wideband applications, such as spectrum surveillance and cogni-
tive radio.
Existing designs of reconfigurable Vivaldi antennas use electronic or mechanical compo-
nents that resonate at a specific frequency to achieve high isolation but compromise the
antenna gain by more than 3 dB. The proposed antennas in this project maintain the
maximum gain at the operating frequencies while achieving band isolation of a minimum
of 14.5 dB and up to 37.5 dB.
In the first part of the thesis RF switches are introduced in the antenna to match the
impedance only at the desired bands. The second part suggests a new approach by using
a novel low-cost liquid switch for frequency tuning.
Here there are several points that represent some of the outcomes from this research
project:
• Original techniques have been developed to reconfigure the operating frequency of a
Vivaldi antenna while maintaining its radiation characteristics, such as polarisation
and radiation pattern.
• A novel and simple method for frequency reconfiguration of a Vivaldi antenna is
presented in chapter 4. This method can be extrapolated to several frequency
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bands. Moreover, other antenna designs that use a similar feed line with a mi-
crostrip line can also adopt this method for frequency tuning.
• An original improvement in gain of up to 2 dB more for the Vivaldi antenna is
presented, based on the extension of the dielectric substrate.
• A model with empirical formulae is presented to calculate the position of the
switches, the position and length of the stub and the slot for the reconfigurable
Vivaldi antenna with a minimum accuracy of 96.6 % compared to simulation re-
sults.
• A low-cost liquid solution is used as the radiating part of an ionised solution
monopole antenna achieving 75 % e ciency.
• The ability of a liquid antenna to replace a conventional solid metal antenna pro-
viding easy frequency tuning is demonstrated.
• A novel concept is proposed: “antennas-on-demand”. Antennas-on-demand can
be made available or non-radiating when needed to eliminate detection and inter-
ferences which will be advantageous for stealthy security applications.
• A novel design using a low-cost liquid switch is presented for band tuning, which
can be integrated in a reconfigurable Vivaldi antenna. This technique can be
used in other designs to tune various antenna characteristics since it has been
demonstrated that this low-cost liquid switch can replace a conventional RF switch.
Moreover, a liquid switch does not require bias lines that will a↵ect the antenna
performance.
• Ten research papers have been accepted and presented at conferences to dissemi-
nate the findings and results encountered.
1.4 The scientific method
The scientific method is an iterative process that is used in this research project for
experimentation with a series of steps to explore observations and answer questions, as
shown in Figure 1.3.
First of all, a question is asked. For example, this research project started with: “How
can a narrowband reconfigurable antenna be achieved based on a wideband antenna?”
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Figure 1.3: Scientific method applied in this project.
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Next, a background research is required to analyse what has already been investigated
in the selected topic. This also helps to find the best way to carry out research and not
to repeat mistakes that other researchers have already overcome.
Later, a hypothesis is constructed to attempt to answer the question with an explanation
that can be tested. For example: “If the impedance in the feed line of the antenna is
tuned, then the operating frequency of the antenna is changed”.
The first part of testing the hypothesis is by simulation. Simulation provides fast results
and optimisation without the need of building a prototype and measuring it. CST
Microwave Studio can calculate the reflection coe cient of a model and obtain the
operating frequency. It is important for the experiment to be fair, that is by changing
only one variable at a time while keeping all other conditions the same.
If the prediction is accurate, the hypothesis is supported in simulation. Then, the second
part of verification is performed. In the case of antenna verification, the reflection
coe cient, gain and radiation patterns are measured to obtain the operating frequency
band and radiation characteristics of the prototype. These parameters can be measured
using a vector network analyser (VNA) in an anechoic chamber.
The measurements are compared to the simulated results and analysed to determine if
the hypothesis is supported or not. Experiments can also be repeated several times to
make sure the first results are not obtained by chance. If the hypothesis is not supported,
a new hypothesis and predictions are required, which will be constructed based on the
experience and new information obtained. The scientific method starts over again.
The final step is to communicate the results by publishing the results in a scientific
journal or by presenting the results on a poster or giving a talk at a scientific conference.
Even though it seems a straight process, new information or thinking may appear in the
middle of the process and may cause the repetition of some steps at any point during
the process.
1.5 Thesis Overview
The objective of this project is to produce new frequency reconfigurable antennas that
can tune the operating frequency between a wide frequency range while maintaining
their radiation characteristics in all the bands. The thesis is presented in six chapters
and its outline will be as follows:
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Chapter two reviews the fundamental background theory in the context of antenna
characteristics, parameters and reconfigurable antennas.
Chapter three presents and analyses the designs that have been proposed on reconfig-
urable antennas categorised by the tuning parameter: frequency, polarisation or radi-
ation pattern. Then, modern designs on reconfigurable Vivaldi antennas are analysed.
Finally, state-of-the-art designs for fluid antennas are reported.
In chapter four proposed designs for reconfigurable Vivaldi antennas are described and
their tests and simulations analysed. Several challenges concerning RF switches arise.
Chapter five focuses on a new approach for reconfigurable antennas: fluid antennas. The
fundamentals of these types of antennas are explained and an ionised water monopole
antenna is simulated and measured to demonstrate the ability of a fluid antenna to
replace the conventional solid metal antennas. This chapter also covers a novel liquid-
switch reconfigurable Vivaldi antenna and the simulated results and measurements for
a prototype of this antenna.
Finally, chapter six covers the discussion and conclusion for the research presented in
this thesis and considers improvements and future work.
Chapter 2
Background theory
This chapter is dedicated to provide the necessary antenna background for this research
project. In the first section it introduces the basic antenna parameters. Next, a classifi-
cation of di↵erent types of antennas is explained. Then, the di↵erence between resonant
and travelling wave antennas is considered. Wideband antennas are analysed next. Fi-
nally, the growing importance of reconfigurable antennas to fulfil the requirements of
current communications systems is highlighted.
The IEEE Standard defines an antenna as “that part of a transmitting or receiving sys-
tem which is designed to radiate or to receive electromagnetic waves” [13]. Therefore,
the role of an antenna is to launch electromagnetic waves propagating in a transmission
line into free space, or vice versa if it is a receiving antenna. In physical terms, con-
ventionally an antenna is a conductor material which has a specific shape with certain
electrical current passing through it that is able to transform waves so that they radiate
into space. Lately, dielectric resonant antennas (DRA) have been proposed, where the
radiating part of the antenna is not a metal part but a ceramic material [14]. Another
important characteristic is that an antenna is a passive linear reciprocal device, which
means an antenna does not amplify signal, but it matches this particular signal from
the free space where it is radiated to a guided environment where it is propagated, in
case of a receiving antenna. For a transmitting antenna the process is inverted.
The frequency response and the radiation characteristics are some of the parameters
used to characterise an antenna [15]. The frequency response is the variation of input
impedance of the antenna across frequency, and the radiation pattern is the power
pattern usually expressed in dB of the magnitude of the electric or magnetic field as a
function of the angular space [14]. The next section define these characterisations and
other antenna parameters used in this research project.
44
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2.1 Antenna parameters
In order to study the performance of antennas, the definitions of various parameters are
necessary. This section explains the antenna parameters that are used in this project.
It introduces the antenna field regions and then explains the basic antenna parameters:
reflection coe cient, bandwidth, e ciency, directivity, gain, radiation pattern, polarisa-
tion and phase centre.
2.1.1 Field regions
The field regions surrounding an antenna can be divided into three parts as represented
in Figure 2.1 depending on the distance from the antenna. Although no abrupt changes
in the field configurations are identified as crossing the boundaries, each region has
distinctive characteristics that separate them from others. The main characteristics and
boundaries are described here.
Figure 2.1: Antenna radiation pattern typical shape changes for the di↵erent regions
in the near and far field [16].
2.1.1.1 Reactive Near-field
This region is the one immediately surrounding the antenna and where reactive fields
are predominating. The fields in this region store the energy instead of dissipating
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as radiation [17]. For most antennas, the outer boundary of the near-field region is
commonly at a distance R as in equation 2.1, where Ddim is the major dimension of
the antenna and   is the free space wavelength. This region is a↵ected by co-locating
antennas or bias lines.
R < 0.62
r
(Ddim)3
 
(2.1)
2.1.1.2 Radiating Near-field (Fresnel)
In the Fresnel region the radiation fields dominate but the radiation pattern keeps chang-
ing with the distance from the antenna. This region lies between the near-field and the
far-field regions as shown in equation 2.2. If the antenna is small compared to the
wavelength in the operating frequency this region may not exist [14].
0.62
r
(Ddim)3
 
< R <
2(Ddim)2
 
(2.2)
When co-locating antennas it is important to place them outside each others near-field
so that other antennas do not interfere and change the expected performance of the
antennas.
2.1.1.3 Far-field (Fraunhofer)
In the far-field region, or sometimes called Fraunhofer region, the antenna is relatively far
away that EM waves behave like plane waves, thus the radiation pattern is independent
of the distance from the antenna. What characterises this region is that the E-field and
H-field are orthogonal to each other and to the direction of propagation. The boundary
with the Fresnel region is taken to be when the radial distance is greater than shown in
equation 2.3.
R   2(Ddim)
2
 
(2.3)
As radiative fields predominate in the far-field region, EM waves from the antenna
propagate in space. Thus, this is the region of operation for almost all antennas and
where the measurements of radiation pattern should be made.
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2.1.2 Reflection coe cient
One of the first parameters to characterise an antenna is the reflection coe cient ( ).
The operating frequency of an antenna is represented by the reflection coe cient to
display the level of impedance mismatch across frequency. There are several ways of
presenting it, this section shows the most important ones:
1. The input impedance is the impedance presented by an antenna at its terminals
and represents the relation between voltage and current at the input port called
load impedance (ZL). This impedance needs to be matched to avoid reflections.
When reflections are present, most of the energy is lost in the mismatch, hence the
antenna does not operate e ciently at these frequencies. Equation 2.4 represents
the relation between input impedance and reflection coe cient, where Z0 is the
characteristic impedance of the transmission line. When the system is perfectly
matched   is 0, i.e. ZL is equal to Z0.
  =
ZL   Z0
ZL + Z0
(2.4)
2. The reflection coe cient which is introduced in equation 2.4, can also be repre-
sented by the ratio of the voltage reflected wave (Vr) to the incident wave amplitude
(Vi), as in equation 2.5. Thus,   belongs to the interval [ 1, 1]. This ratio rep-
resents the power that is actually delivered to the antenna and the power that is
reflected because of an impedance mismatch.
  =
Vr
Vi
(2.5)
3. The return loss (RL) is a measure of the dissimilarity between two impedances,
usually expressed in decibels, being equal to the number of dB that corresponds to
the scalar value of the reciprocal of the reflection coe cient as shown in equation
2.6, where Pin is the incident power and Pref is the reflected power. Return loss is
a measure of e↵ectiveness of the power delivery from a transmission line to a load
such as an antenna. It is a convenient way of characterising mismatch specially
when the reflection is small.
RL(dB) = 10 · log10
Pin
Pref
(2.6)
4. An alternative way of expressing the reflection coe cient is using the Voltage
Standing Wave Ratio (VSWR), which is presented in equation 2.7. VSWR can
Background theory 48
take any value between 1 and infinity, but the perfect match is when VSWR = 1.
Please note that VSWR is inversely proportional to RL.
V SWR =
Vmax
Vmin
=
Vi + Vr
Vi   Vr =
1 + | |
1  | | (2.7)
5. The Scattering parameters (S-parameters) represent how much power is transmit-
ted or reflected in a port. Equation 2.8 shows the matrix from Figure 2.2 for a
2-port network. S11 and S21 are calculated when there are no reflected waves from
the load, i.e. a2 = 0. Many electrical properties, such as gain, return loss, VSWR
and reflection coe cient, may be expressed using S-parameters.
"
b1
b2
#
=
"
S11 S12
S21 S22
#
·
"
a1
a2
#
(2.8)
Figure 2.2: Two-port network inputs and outputs to create the S-parameters matrix.
Thus, the reflection coe cient can also be calculated using S11 as shown in equa-
tion 2.9, which represents the ratio between the returning and the incident power
in port 1, when the loading impedance ZL is matched to the system characteris-
tic impedance Z0. Equation 2.10 shows the transmission coe cient (S21), that is
the ratio between the power that leaves port 2 and the power that is accepted by
port 1, when there is no mismatch on the loading impedance. In the equations,
parameters are shown in linear form, but typically they are converted to dB.
S11 =
b1
a1
|ZL=Z⇤0 (2.9)
S21 =
b2
a1
|ZL=Z⇤0 (2.10)
To measure the antenna operating frequency in this research project the S11 parameter
is used, because an antenna behaves as a one-port network. The operating bands of the
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antennas will present a low S11 while the rejected frequencies will have an S11 close to
0 dB. In this project an antenna is considered to be operating in a band when the S11
parameter is below -10 dB, which is when more than 90 % of power is accepted by the
antenna.
Note that the reflection coe cient is a measure of how much power is delivered to an
antenna. A low reflection coe cient means the antenna is well-matched, but does not
necessarily indicate the power delivered is also radiated. An experiment to measure the
antenna radiated power is required to determine the antenna is operating properly.
2.1.3 Bandwidth
An antenna is only e↵ective across a specific operating range of frequencies, where the
reflection coe cient is low (usually <  10 dB), so that the antenna characteristics
associated with pattern bandwidth (gain, side lobe level, beamwidth, beam direction,
radiation e ciency and polarisation) are within acceptable value of those characteristics
at the centre frequency [14]. There is no unique characterisation of the bandwidth,
the specifications are set in each di↵erent field application to meet the needs of that
particular application.
For wideband antennas, bandwidth is usually expressed as the ratio of upper-to-lower
operating frequencies. For example, 10:1 in the case of a typical Vivaldi antenna [12].
For narrowband antennas, it is expressed as a percentage of the frequency di↵erence
over the centre frequency of the bandwidth, as shown in equation 2.11. For instance,
the bandwidth of rectangular microstrip antennas is typically 3 %.
BW =
fhigh   flow
fc
· 100 (2.11)
2.1.4 E ciency
There are several losses at the input terminals and within the structure of an antenna
that define its e ciency [14]. The total e ciency of an antenna (⌘0) can be written as
equation 2.12, where the reflection (mismatch) e ciency (⌘r) takes into account losses
because of mismatch between the antenna and the feeding line (as in equation 2.13)
and the conduction and dielectric e ciency (⌘cd) considers losses in the conductive and
dielectric materials within the structure of the antenna.   represents the reflection
coe cient of the antenna.
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⌘0 = ⌘r · ⌘cd (2.12)
⌘r = 1  | |2 (2.13)
The conduction and dielectric losses of an antenna are very di cult to separate one from
another and they are usually combined to form ⌘cd, determined experimentally relating
power radiated by the antenna and power supplied to the antenna, as in equation 2.14
where Pr is the antenna radiated power and PA is the supplied power to the antenna.
It is this antenna radiation e ciency (⌘cd) that is used to relate the gain and directivity
as explained in the next section.
⌘cd =
Pr
PA
(2.14)
As the radiated power can be defined as the power delivered to the radiation resistance
Rr, and the supplied power can be defined as the power delivered to Rr plus the power
delivered to the antenna conduction and dielectric losses RL, the conduction-dielectric
e ciency ⌘cd can also be written as in equation 2.15.
⌘cd =

Rr
Rr +RL
 
(2.15)
2.1.5 Directivity
In these next sections, the antenna parameters related to radiation are analysed. Di-
rectivity (D) is the radiation capability of an antenna in one specific direction. It is
expressed using a relation between the antenna under test (AUT) and the isotropic an-
tenna, as shown in equation 2.16, where } is the power density of the AUT and Pr is
the total power radiated by the AUT [14]. A directivity of 10 dBi indicates the antenna
directs 10 times more power in the direction of its main lobe compared to the isotropic
antenna.
D(✓,') =
}(✓,')
Pr
4⇡r2
(2.16)
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Usually, directivity is referred to the peak figure, which coincides with the direction of
the main lobe. Therefore, directivity depends on maximum power density, i.e. power
density in the direction of maximum propagation, as shown in equation 2.17.
D =
}max
Pr
4⇡r2
(2.17)
An isotropic antenna is an antenna which radiates equally in all directions. So, its
directivity is equal to 1 (0 dBi) and it is the minimum directivity in the direction of the
main lobe another antenna can achieve [14].
Desirable directivity of an antenna depends on the antenna application. If the AUT is
used for broadcasting, the antenna should have low directivity, i.e. as close to 0 dBi as
possible. On the other hand, if the AUT is used for transmitting in a specific direction
like in satellite communications it needs high directivity. For example, the radio telescope
at Arecibo Observatory is the second-largest parabolic dish antenna in the world with
305 m diameter it provides a gain of 70 dBi at 2.38 GHz [18]. Some intermediate cases
would be, for example, a microstrip patch antenna with directivity around 5 dBi.
2.1.6 Gain
One of the most important properties of an antenna is its ability to direct radiated power
at a particular directions while suppressing it in all other directions. The gain (G) is
defined as the ratio of radiation intensity in a given direction to the radiation intensity
that would be obtained if the power accepted by the AUT was radiated isotropically,
i.e. distributed equally in all directions, as shown in equation 2.18 where }(✓,') is the
power density and PA is the supplied power to the antenna.
G(✓,') =
}(✓,')
PA
4⇡r2
(2.18)
From equation 2.19 it can be observed the gain is the product of directivity and e ciency,
where Pr is the radiated power.
G(✓,') =
}(✓,')
PA
4⇡r2
=
Pr
PA
· }(✓,')
Pr
4⇡r2
= ⌘cd ·D(✓,') (2.19)
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Do not confuse antenna gain with an amplifier’s gain. An antenna is a passive element,
therefore it does not amplify signals. Its gain describes how much power is radiated in
each direction.
Just as directivity, antenna gain is usually referred to the peak figure, that is in the
direction of the main lobe, as shown in equation 2.20.
G =
}max
PA
4⇡r2
(2.20)
Figure 2.3: Flow chart showing the relation between realised gain, gain and directivity
with e ciencies, based on [13].
Figure 2.3 represents the interrelationships between power supplied (PA), power matched
to the transmission line (PM ), power accepted by the antenna (Po) and power radiated
(Pr) with impedance mismatches (M1 and M2) and antenna e ciency (⌘cd), obtaining
realised gain (GR), gain (G) and directivity (D) depending on whether e ciency and
mismatches are taken into account or not. In the flow chart 4⇡I is the radiation intensity
of the antenna that the antenna is actually radiating [13].
Although gain takes into account the e ciency of an antenna, it does not include losses
arising from impedance and polarisation mismatches [14]. The realised gain of an an-
tenna is closer to reality because it also takes into account the reflection or mismatch
losses. For example, if an antenna presents high e ciency but is not well-matched to
its transmission line it will not perform as expected. This is not displayed by the gain
figure, whereas it is represented in the realised gain. In this thesis the realised gain will
be used to indicate the gain of the antennas proposed.
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2.1.7 Radiation pattern
The radiation pattern gives information about the intensity and direction of electromag-
netic (EM) waves exiting the antenna as a function of space coordinates. It is mostly
defined in the far-field region and it represents the spatial variation of the power density
along a constant radius with peaks at the regions in space where the antenna is radiating
with high intensity. These are called lobes. It also presents nulls or zeros to indicate no
radiation in that particular direction [14].
Frequently, the radiation pattern is normalised to its maximum value and usually plotted
in dB on a logarithmic scale to highlight the lower values, which refer to the minor lobes.
Figure 2.4: Representation of the radiation pattern in spherical coordinates and
directivity D, based on [19].
The biggest lobe, called the “main lobe”, indicates the main direction of radiation,
i.e. the direction where most power is radiated to. The “back lobe” is the beam ap-
proximately at 180  from the main lobe of the antenna. Other beams in the radiation
pattern are called “side lobes”. Power radiated to side lobes and back lobe is diverted
from the main lobe, which contributes to a loss in the antenna gain. Therefore, these
lobes should be minimised. In Figure 2.4 the described beams are represented with the
relation between the power density of the antenna (}) and the power density of the
isotropic antenna (}i). This parameter defines the directivity of the antenna (D).
The beamwidth of the main lobe is generally defined by half-power beamwidth (HPBW)
as the angular separation between two half-power points or when the normalised radi-
ation pattern in dB is radiating at -3 dB value of its maximum in the main lobe, as
shown in Figure 2.5. It can also be defined by the angular separation between two nulls
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Figure 2.5: Two-dimensional normalised example radiation pattern in dB [14].
Types of radiation patterns
Isotropic: An isotropic radiator is defined by radiating
equally in all directions. It is an hypothetical
lossless antenna that is used as a reference to
express the directive properties of an actual an-
tenna.
Directional: A directional radiation pattern is able to trans-
mit or receive signals more e ciently in certain
directions than in others.
Omnidirectional: It is a special case of directional pattern. It is
defined as “having an essentially non-directional
pattern in a given plane and a directional pat-
tern in any orthogonal plane” [14]. A good ex-
ample is a dipole antenna.
Table 2.1: Table describing the di↵erent types of radiation patterns.
in the radiation pattern called first-null beamwidth (FNBW), which are sometimes eas-
ier to measure than the HPBW. An antenna’s beamwidth is important to determine the
capability of an antenna to distinguish two adjacent radiating sources [20].
There are three types of radiation patterns as presented in Table 2.1, although only two
of them are physically realisable: directional and omnidirectional antennas [21].
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For linearly polarised antennas, radiation pattern is usually described in E-plane and
H-plane. The E-plane can be defined as “the plane containing the electric-field vector
and the direction of maximum radiation” and the H-plane as “the plane containing
the magnetic-field vector and the direction of maximum radiation” [14]. Figure 2.6
represents a pyramidal horn antenna with its E-plane and H-plane, in planes x-z and
x-y respectively. Usually the antennas are oriented so that the E-plane coincides with
one of the geometrical planes of the antenna.
Figure 2.6: E-plane and H-plane radiation patterns for a pyramidal horn antenna
with H-field and E-field aperture distributions [14].
2.1.8 Polarisation
Another parameter to take into account when designing antennas is polarisation. Polar-
isation is defined as the polarisation of the wave transmitted (radiated) by the antenna,
that is “the property of an electromagnetic wave describing the time-varying direction
and relative magnitude of the E-field vector” [21]. Polarisation varies with the direction,
so that di↵erent parts of the radiation pattern may have di↵erent polarisations. When
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direction is not specified, polarisation of an antenna is taken to be in the direction of
the main lobe [14].
Figure 2.7: Rotation of a plane electromagnetic wave and its polarisation ellipse at
z = 0 as a function of time [14].
Polarisation of a radiated wave comes from the curve traced by the end point of the
vector representing the instantaneous E-field as a function of time, observed along the
direction of propagation, as described in equation 2.21 when traveling in the negative z
direction (see Figure 2.7). The instantaneous components are related to their complex
counterparts by equations 2.22 – 2.23, where Exo and Eyo are the maximum magnitudes
of the x and y components respectively [14].
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In Figure 2.7 (a) the electromagnetic wave is projected from 3D to a plane that shows
the field intensity as a function of time. In Figure 2.7 (b) the curve traced by the
electromagnetic waves when looking from the wt axis is displayed, that is along the
direction of propagation.
"(z, t) = aˆx"x(z, t) + aˆy"y(z, t) (2.21)
"x(z, t) = Exocos(!t+ kz +  x) (2.22)
"y(z, t) = Eyocos(!t+ kz +  y) (2.23)
Polarisation can be divided in di↵erent categories: linear, circular and elliptical, de-
pending on the time-phase di↵erence and the magnitudes of the two components x and
y between the "x and "y components of the E-field [14].
The antenna polarisation characteristics can be represented by its polarisation pattern,
which is the spatial distribution of the di↵erent polarisations over the antenna’s radia-
tion sphere. The polarisation of this sphere can be resolved into a pair of orthogonal
polarisations: co-polarisation and cross-polarisation. Co-polarisation is the polarisation
the antenna is intended to radiate, while cross-polarisation represents the polarisation
orthogonal to the co-polarisation at each point.
In practice, the axis of the main lobe of the antenna should be pointing to the same direc-
tion as the polar axis of the radiation sphere. When the polarisations of the transmitting
and receiving antennas are not aligned a polarisation mismatch appears. Therefore, an-
tenna polarisation is important because both transmitting and receiving antennas need
to have the same polarisation and be aligned so that the receiving antenna can extract
the maximum amount of energy [20].
2.1.9 Phase Centre
In antenna theory, a phase centre is the reference point in an antenna from which hy-
pothetical omnidirectional radiation originates. Radiation is spread spherically outward
and any radiated fields measured on the surface of a sphere with a centre at that point
have the same phase. The apparent phase centre is used when the phase centre posi-
tion presents small variations especially over the main lobe [21]. These parameters are
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relevant to travelling wave antennas and antenna arrays, which will be presented in the
next sections of this chapter.
There can be a di↵erent phase centre for the E-plane and H-plane. The E-plane phase
centre of a horn antenna usually coincides with the H-plane, which is why this antenna
is useful as a feed antenna for reflectors. This is not the case of the log-periodic arrays
and for this reason they are not widely used as feeds. When an antenna, such as a horn
antenna, is used as a feed for a reflector its phase centre must be located at the focal
point to obtain the maximum gain from the reflector antenna [14].
Mathematically, the far-field radiated component by an antenna can be expressed as
in equation 2.24, where uˆ is a unit vector and E(✓,') and  (✓,') represent the (✓,')
variations of the amplitude and phase, respectively. The phase centre is the reference
point where  (✓,') is independent of ✓ and ' for a given frequency.
Eu = uˆ · E(✓,')ej (✓,') e
 jkr
r
(2.24)
This is an important parameter for navigation and tracking systems, as well as other
aircraft systems, to define a reference point where at a specific frequency the radiated
component does not present phase variations, only amplitude variations. For example,
in an aircraft radar that detects ground moving targets (GMTs) a technique called Dis-
placed Phase Centre Antenna (DPCA) is used to compensate the forward movement of
the aircraft, that is responsible for the phase centre displacement of the radar antennas.
This technique consists of using two alternate transmitting antennas that are displaced
in the opposite direction of the movement. Thus, in consecutive pulses the phase centre
di↵erence is eliminated [20].
To illustrate the phase centre variations, Figure 2.8 and Figure 2.9 show a Dual-Ridge
Horn antenna simulated at frequencies of 2 GHz and 5 GHz respectively, which results
in di↵erent phase centres. At 2 GHz the phase centre is located at (0,0,15.99) and at
5 GHz the phase centre is located at (0,0,8.60) which is closer to the feed point of the
antenna. This type of antenna is ideal to showcase these variations as it can work across
a wide range of frequencies. In particular, this antenna can operate from 800 MHz up
to 10 GHz.
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Figure 2.8: Phase centre is located at (0,0,15.99) cm for a Dual-Ridge Horn Antenna
at 2 GHz. In this case the phase centre is closer to the wide aperture.
Figure 2.9: Phase centre is located at (0,0,8.60) cm for a Dual-Ridge Horn Antenna
at 5 GHz. In this case the phase centre is closer to the narrow aperture of the antenna.
Background theory 60
2.2 Operating frequency against size
The operating frequency and size of an antenna are two closely related parameters,
which makes it important to have them in mind when designing antennas for specific
applications. Usually, the size of an antenna depends on the antenna application and
the operating frequency band. It is related by the speed of light (c), an approximation
of an EM wave propagating velocity in free-space. Frequency (f) and wavelength ( )
are inversely proportional, as shown in equation 2.25.
f =
c
 
(2.25)
So, for example, when designing a dipole to operate at 500 MHz, the wavelength is
0.6 m if considering the wave velocity is close to the speed of light in vacuum. Minimis-
ing mismatch loss, for the highest antenna e ciency the size of the dipole is determined
be around half-wavelength: 0.3 m. That is when the reactance of the antenna is close
to zero which makes the dipole resonant. When another dipole is required to oper-
ate at 250 MHz, the size of the new half-wave dipole should be 0.6 m, according to
equation 2.25.
2.3 Classification by geometry
After defining the main characteristics of an antenna, these next sections are dedicated
to briefly describe di↵erent types of antenna geometry.
2.3.1 Wire antennas
Wire antennas are the simplest type of antennas and the easiest to calculate the radiated
fields. Most wire antennas are resonant antennas. Some examples are as described in
Table 2.2.
2.3.2 Aperture antennas
Aperture antennas provide higher directivity compared to wire antennas. They are
becoming more popular because of the increasing demand for antennas in higher fre-
quencies. These types of antennas are robust and they can be conveniently mounted in
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Types of Wire Antennas
Monopole antenna: Is a wire with a ground plane characterised by its om-
nidirectional radiation pattern, which are commonly
used for Wi-Fi routers as such devices must support
connections from multiple directions.
Dipole antenna: Needs double the length of the monopole for the same
operating frequency. Dipoles are commonly used as
rabbit ears for television antennas to receive the VHF
terrestrial television bands.
Loop antenna: Consists of a closed loop of wire and are characterised
by low radiation resistance and high reactance, which
makes it di cult to match its impedance to a trans-
mitter. They perform better when in contact with the
human body compared to other antennas like dipoles,
thus are used for hearing aids.
Helical antenna: Presents higher directivity compared to monopoles
and dipoles. These antennas can work in two di↵erent
modes: normal or axial mode. In normal mode the
antenna acts like an electrically short monopole with
linear polarisation, used in mobile and portable com-
munications applications. In axial mode the dimen-
sions of the antenna are comparable to the operating
wavelength so that the antenna functions radiating a
beam o↵ along the antenna’s axis. It radiates circu-
larly polarised waves which can be used for satellite
communications.
Yagi-Uda antenna: Is another type of directional wire antennas with a
folded dipole and directors to increase its directivity.
Because of its high gain, usually 12 dBi or higher,
these antennas are commonly used for long-distance
emissions, such as terrestrial television.
Table 2.2: Table describing di↵erent types of wire antennas.
Background theory 62
a surface and covered with a dielectric material to protect them from the environmental
conditions. Some examples of aperture antennas are described in Table 2.3 [14].
Types of Aperture Antennas
Horn antennas: Are the most widely used microwave antennas
as feed antennas for reflector dishes or satellite
tracking and as a universal standard for calibra-
tion and gain measurements of other antennas,
because of its wideband operation and stable
gain.
Reflector Dish antennas: Are able to transmit and receive signals with
very high gain, which makes it useful for very-
long distance transmissions such as satellite
communications. The aim of these antennas
is to focus energy into a specific direction. To
avoid radiation in the back and to the sides, a
corner-reflector or parabolic shapes are used.
Microstrip Patch antennas: Consist of a metallic patch, which can have
many shapes depending on the application, on
top of a grounded substrate. Some of the ad-
vantages of these antennas are the ease of fabri-
cation and installation, low cost and small size.
Some disadvantages are their low e ciency and
low power handling.
Table 2.3: Table describing di↵erent types of aperture antennas.
2.4 Resonant antennas and travelling wave antennas
Apart from geometry, antennas can be divided into two groups: resonant antennas and
travelling wave antennas. This section describes them.
2.4.1 Resonant antennas
A resonant antenna is an antenna such that it has standing waves of current on it. These
elements behave like resonators; therefore the antenna working frequency is dependent
on the antenna length. A dipole antenna is the resonant antenna most widely used. It
is based on two conductive elements that are connected to the feed line. In Figure 2.10,
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there are two fields induced to the dipole antenna: magnetic field and electric field. The
dark blue parts are the conductive elements.
Figure 2.10: E-field and H-field for a dipole antenna.
Figure 2.11: Magnetic and Electric Fields radiation [22].
Figure 2.11 shows the current changing phase and how electromagnetic waves form loops
and are pushed into the air. A more detailed procedure of this process is explained next
[21]:
1. At the beginning, the lower conductor is excited using a positive wave, thus there
are positives charges in the top half and negative charges in the bottom half.
A magnetic field appears surrounding it, as there is some current flowing in the
conductor. An electric field is created between the positive and negative poles.
2. This excitation that was increasing in the first quarter of the period, is decreasing
on the second quarter of the period, so this can be seen as introducing opposite
charges that will neutralise the current generated on the conductors by the end of
the second quarter period.
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3. Then, as there is no charge or current in the conductors the electric field lines
must be detached from the antenna. Consequently, they are united together to
form closed loops which are being radiated to free-space.
4. In the second half of the period the same procedure is followed but in the opposite
direction. The conductor on the top gets positives charges, so now an electric field
line goes in the opposite direction.
5. Then the negative charge decreases, so that a field line will be created to close the
loop.
6. Finally, when the current reaches zero again (after 1 period), the electric field line
will be closed and an electric wave will be pushed to the air. And this process will
continue, starting from the beginning again.
2.4.2 Travelling wave antennas
Travelling wave antennas are defined by minimising reflections in the open-end of the
antenna under test (AUT). This way, current and voltage travelling waves appear, thus
changing the current and voltage phase distribution as a function of space. There are
two types of travelling wave antennas: slow wave and fast wave.
 p =
!
k
(2.26)
• Slow wave (also called “surface wave antennas”) are those antennas with a phase
velocity less than or equal to speed of light c, as shown in equation 2.27, where
phase velocity ( p) is the relation between angular frequency (!) and phase con-
stant k (equation 2.26). It radiates from discontinuities or curvatures that inter-
rupt a bound wave on the antenna surface [14]. Some example are a long wire, a
Vivaldi antenna and an open transmission line which binds the wave by slowing
a passing wave and bending it in the direction of the structure. Most of these
antennas are end-fire [23].
 p  c (2.27)
• Fast wave (or “leaky-wave antennas”) are those antennas that have a phase ve-
locity greater than the speed of light (c) for example transmission lines with a slot,
as shown in equation 2.28 [14]. A leaky-wave antenna “couples power in small in-
crements per unit length, either continuously or discretely, from a travelling wave
structure to free-space” [13]. This antenna can be regarded as transmission lines
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that gradually leak the energy out into free space depending on the phase con-
stant of the leaky wave along the transmission line [24]. Compared to slow-wave
antennas, the fast-wave continuously lose energy because of radiation. Only closed
structures such as waveguides support fast waves, for example a waveguide with
slots.
 p > c (2.28)
2.5 UWB antennas
Nonetheless, not all antennas are narrowband. Some antennas are able to operate across
a large bandwidth (more than 500 MHz or 25 % of the centre frequency) [13]. These
are called ultra-wideband (UWB) antennas. Lately, UWB antennas are more required
because of the increasing number of UWB systems and their applications, which are
detailed next.
UWB systems di↵er from other systems in their spread of the necessary energy over a
wide frequency range (> 500 MHz) in order to radiate below a limit and share spectrum
with other users. For example, unlicensed use of UWB is authorised in the frequency
range from 3.1 GHz to 10.6 GHz in United States (FCC) with up to -41.25 dBm/MHz
EIRP [25]. These systems are not restricted to a single frequency, but they transmit
streams of very short pulses that can be spread over a broad range of frequencies [26].
Some applications of UWB include, but are not limited to [27]: short-range very high-
speed broadband access to the Internet, localisation at centimetre-level accuracy, covert
communication links, high-resolution ground-penetrating radar, through-wall imaging,
precision navigation and asset tracking. Table 2.4 shows di↵erent types of UWB anten-
nas [28].
2.5.1 Advantages and disadvantages
The principal advantage of UWB communications is that they allow mobility of wireless
devices with high data rate and low power consuming communications. Furthermore,
the broad frequency they use makes UWB very resistant to interference. In addition, a
huge amount of data can be transmitted within these systems. Besides, security is less
of an issue since short pulses are very di cult to intercept.
Nonetheless, as UWB antennas work over a broad range of frequencies they need a
su cient impedance matching bandwidth and a stable gain versus frequency response,
Background theory 66
Type of antenna Examples of antennas
Discone
Omnidirectional Bi-conical
Roll/thick/planar monopole
Roll/thick/planar dipole
TEM horn
Directional Vivaldi
Log-periodic
Big aperture
On-PCB
Miniaturised Dielectric loading
LTCC-based
DRA
Compact
Arrays Beam-steering
Less-mutual coupling
Spectral-notched
Special considerations Less-dispersion
Diversity
Table 2.4: Examples of UWB antennas.
as well as constant group delay and high radiation e ciency [29]. This can be a challenge
when designing this type of antennas.
2.5.2 UWB antenna parameters
The main UWB antenna parameters for impulse radio are described in this section [30].
• Time response: Describes how the antenna responds to the input signal. Time
signals can be analysed in simulation. In CST MWS the simulated input signal
(i1) and the simulated reflection to the point of excitation from the antenna aper-
ture (o1,1) are presented. A high-e ciency antenna presents low reflection, i.e.
o1,1 has lower amplitude compared to i1. Whereas a low-e ciency antenna will
present losses within the antenna and/or high reflections because of mismatch, i.e.
amplitude of o1,1 close to amplitude of i1.
• Group delay: Describes the di↵erence in delay across frequency. Group delay
is an important parameter for radar applications. It needs to be constant across
all frequencies to ensure no time distortion, because a distortion will render radar
range measurements inaccurate [31, 32].
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• Fidelity: It is a time domain characteristic of UWB antennas that measures
the correlation between the radiated waveform and the excitation signal. Typical
applications include high precision through-wall radar imaging and PC-peripherals
like wireless printers [33]. The antenna fidelity can be defined as in equation 2.29,
where a(t) is the excitation signal and the response r(t) is the radiated pulse
for a given direction. When the two signals are identical the fidelity reaches its
maximum value 1. In general, the fidelity factor is close to 1 for an antenna to be
suitable for UWB applications where pulse radiation characteristics are important.
As this is not a requirement for this research project, fidelity will not be studied.
F = max⌧
        
R1
 1 a(t)r(t+ ⌧)dtr⇣R1
 1 a(t)2dt
⌘⇣R1
 1 r(t)2dt
⌘
         , 0  F  1 (2.29)
2.5.3 Vivaldi antenna
A Vivaldi antenna is a slow-wave travelling wave antenna introduced by Gibson (1979).
It is characterised by an aperiodic continuously scaled structure (or a tapered slot an-
tenna (TSA)), which permits a constant gain within a wide range of frequencies. This
antenna has significant constant gain and linear polarisation [12]. Vivaldi antennas can
fit into smaller spaces than other ultra-wideband antennas like a ridge horn antenna
because they are planar antennas fabricated from a flat laminate. They also o↵er stable
group delay and allow for a narrow pulse width when used for radar applications. The
design of these type of antennas is simpler compared to other ultra-wideband antennas
such as log periodic and fractal antennas and can be scaled for use at any frequency.
It presents the advantage of being fed directly by a microstrip line. The main disad-
vantage of a Vivaldi antenna is that its phase centre varies depending on the operating
frequency. This can be an issue when a Vivaldi antenna is used as a dish feed, but not
for the industrial applications of this research project.
As a travelling wave antenna, the power flows parallel to the structure, excited by the
narrow slot and progressing to the open end. Figure 2.12 depicts a Vivaldi antenna,
where the golden part is conductive and the blue part is a dielectric material. The
aperture of the antenna is the open end (on the left hand side). It radiates perpendicular
to the aperture of the antenna.
The Vivaldi antenna radiates whenever a wave is not bound anymore to the structure.
The antenna is excited from the narrowest slot end (on the right hand side), then a
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Figure 2.12: Vivaldi Antenna [34].
bound is created between the top and bottom side of the Vivaldi antenna. Later, the
wave travels to the end of the aperture (from right to left). While the wave is bound,
one side cancels the other side and there is no radiation. This is the propagation area.
Afterwards, when the slot width is around quarter-wavelength, there is a turning point
and the waves are not bound to each other anymore. Here is where the radiating area
starts [35, 36].
Hence, having a continuously tapered slot admits a wide operating bandwidth for a
Vivaldi antenna, since the start of the radiating part, at around half-wavelength, moves
for each operating frequency, making the antenna work across a wide range of operating
frequencies. Therefore, the narrow part of the Vivaldi limits the highest frequency in the
antenna and the aperture size restricts the lowest frequency, because the waves cannot
propagate farther in the antenna for lower operating frequencies.
The feeding is an important part of the Vivaldi antenna. Di↵erent feeding methods are a
circular cavity and a radial stub, a stripline-to-slotline transition and a stripline stub and
a slotline cavity, as described in [37]. Each method provides a certain bandwidth and
frequency response to the antenna that can be required depending on the application.
This planar antenna was not being fully studied until the growing developments of
multi-mode terminals, where single terminals can have many applications, or cognitive
radio was developed. This type of radio requires wideband sensing and reconfigurable
narrowband communications.
As stated in the introduction, the industrial requirements for antennas in this research
project are:
1. High gain
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2. Ability to operate across a wide range of frequencies
3. Stable radiation pattern across all operating frequencies
4. Good isolation between frequency bands
5. Reconfigurable band rejection
For these reasons, as a Vivaldi antenna is inherently wideband, it is a good prospect
and it will be the basis of the proposed reconfigurable designs for this research project.
Some advantages of a Vivaldi antenna are:
• Broadband characteristics.
• Easily scaled to a wide range of operating frequencies.
• Easy manufacturing process, because it is a planar antenna and can be designed
on a PCB.
• Impedance matching using a microstrip line, for the feed line.
A Vivaldi antenna can be reconfigured in the following ways: polarisation, steering the
main lobe or tuning the operating frequency.
The polarisation of a Vivaldi antenna is linear, as it is a planar antenna and the E-field
is bound across the aperture. To change polarisation more than one Vivaldi antenna
would be needed. Therefore this project will not consider polarisation reconfiguration
for the Vivaldi antenna.
Reconfiguration of the antenna’s radiation pattern can be achieved by varying the shape,
length, dielectric thickness or relative permittivity of the substrate of the Vivaldi antenna
[38]. This could be done by adding or removing some parts of the Vivaldi or by enabling
a larger/shorter path for the current on one side of the Vivaldi antenna.
Finally, changing the operating frequency of the Vivaldi implies to change antenna shape,
length or dielectric thickness. These are challenging geometric characteristics to tune,
still the feed line is also limiting the antenna’s operating frequency. By controlling the
feed line some frequencies can be rejected and a preferred band can be selected. As
some of the requirements of the project are wide operating range of frequencies and
reconfigurable band rejection, a Vivaldi antenna is a good proposal for this research
project. Therefore, this research project will study di↵erent methods to tune the feed
line of a Vivaldi antenna to achieve several highly-isolated narrowbands.
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2.6 Reconfigurable antennas
After explaining the antenna radiation characteristics, in this section reconfigurable an-
tennas are considered. Reconfiguration when used in the context of antennas, “is the ca-
pacity to change an individual radiator’s fundamental operating characteristics through
electrical, mechanical, or other means” [15, 39]. These reconfigurable characteristics are:
1. Operating frequency
2. Polarisation
3. Radiation pattern (beamforming or steering)
The main impediment is to tune one of these characteristics without altering other
antenna parameters. Reconfigurable antennas are useful for limited space, low cost or
low power consumption or to be used in di↵erent systems or applications, because they
enable the use of one antenna for several systems [21]. Additionally, reconfigurable
antennas enable the future mobile communications because they can cope with the
increasing demands in mobile communciations and allow the integration of multiple
applications into a single platform [24].
2.6.1 Importance of reconfigurable antennas
Because of the rapid proliferation of wireless communications systems, the electromag-
netic spectrum has become more and more congested. To address this challenge, new
wireless communication systems are required to be cognitive and reconfigurable [24].
Currently, antennas are a critical part of the communication systems. However, a big
limitation appears when they are incapable to be adaptive to dynamic environments
[15, 40]. Cognitive systems start monitoring a channel to detect unused parts of the
spectrum in which to operate. Therefore, reconfigurable antennas with adaptive radia-
tion characteristics which can be dynamically changed to the environment are essential
for the higher demand in antenna capabilities for future wireless communications, since
these antennas can operate in one frequency band while rejecting other bands. Thus,
the system performance is not limited by the antenna characteristics.
Multiband antennas and wideband antennas can operate across a wide frequency range,
but only reconfigurable antennas can provide noise rejection in the bands that are not
in use so that filter requirements of the front-end circuits can be greatly reduced [24].
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Narrowband reconfigurable antennas are even more critical in security applications be-
cause of the possibility of jamming signals that can saturate the receiving system. Other
relevant security applications may include anti-UAV systems to ensure rogue drones are
not interfering in a controlled airspace or committing crimes, like drug smuggling. An
appropriate security system to disable rogue drones requires a highly directive antenna
capable of tuning to a drone operating frequency without jamming other bands and
handling high power.
A system consisting of a wideband antenna plus a filter can be argued to be used in
this type of applications. As demonstrated later in Chapter 4, a filter may provide
di culties such as non-linearity, gain loss, higher complexity and power consumption, it
is bulky and requires a matching circuit. On the other hand, a reconfigurable antenna
can accommodate adjustable capabilities required for the project while preserving high
performance and low cost.
2.6.2 Applications of reconfigurable antennas
Although some applications of reconfigurable antennas have been explained in the previ-
ous section, this section provides more examples on applications requiring reconfigurable
antennas.
The importance of reconfigurable antennas is demonstrated by the wide range of ap-
plications they have. Cognitive radio, MIMO channels, wearables, wireless sensing and
satellite communications are all possible applications [24]. Their ability to be adaptive
on demand allows them to dynamically provide multiple wireless applications without
the need of increased space to accommodate multiple antennas.
Cognitive radio is one of the main applications of reconfigurable antennas as explained in
the previous section. Cognitive radio systems are based on monitoring the transmission
channels and searching for unused frequencies in the spectrum. Therefore, a cognitive
radio requires an antenna that can e ciently identify changes in the communications
channels and react accordingly [24].
Moreover, reconfigurable antennas provide a great improvement in multiple-input multiple-
output (MIMO) systems because not only can they change their radiation patterns, but
also polarisation and frequency properties, by morphing their physical structure [40].
Frequency reconfigurable antennas can change operating bands and filter out interfering
signals [15], which can be crucial to tackle the saturation of the existing mobile phone
systems.
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Furthermore, frequency reconfigurable antennas can be applied to wireless sensing ap-
plications such as industrial process control, battlefield surveillance and implantable
medical telemetries among others [24] since these antennas enable multiple operating
bands providing high isolation and stealth capability.
In security applications where stealth is a critical feature, reconfigurable antennas can
play a crucial part. A reconfigurable antenna can be designed to only radiate when in
excited state by using a fluid as a radiator. When not in use the fluid can be stored
elsewhere thereby reducing the system RCS.
More applications can be found on wearables where the allocated space for the antenna
system is scarce and on portable wireless devices where reconfigurable antennas bring
the possibility to redirect transmitting signal or improve a noisy connection to conserve
battery. Moreover, they can change operating bands or switch the standard operation
swiftly and filter out interfering signals, which can be crucial to tackle the saturation
of the existing mobile phone systems [15, 24]. For example, to reject the WLAN band
(5.15–5.825 GHz) to avoid interference in ultra-wideband antennas.
2.7 Summary of chapter
This chapter has presented the background theory necessary for this research project.
Starting with antenna parameters, such as antenna field regions, reflection coe cient,
bandwidth, e ciency, gain, directivity, radiation pattern, polarisation and phase centre.
Next, a classification by geometry and a classification by resonance or travelling wave
antennas is presented. Then, reconfigurable antennas and wideband antennas are de-
scribed, while presenting the Vivaldi antenna and its characteristics, which will be the
basis of the proposed reconfigurable designs for this research project. The importance
of reconfigurable antennas for wireless communications systems is presented and the
applications of reconfigurable antennas explained.
Chapter 3
Literature review
In this chapter reconfigurable antennas that have been proposed are classified and dis-
cussed depending on the characteristic that can be reconfigured: operating frequency,
polarisation and radiation pattern. In each section, antennas are categorised by how
they are reconfigured, either using RF switches or other methods that can mechanically
change the radiation behaviours of the antennas. Later, considering these methods su↵er
from some disadvantages, new design techniques are proposed to overcome the disad-
vantages by electronic components to reconfigure the antennas. The proposed designs
are then analysed.
Figure 3.1: Reconfigurable rhombic antenna designed by Bruce and Beck [41].
The first reconfigurable antenna is believed to have been reported in 1935, when Bruce
and Beck changed the size of a rhombic antenna by stretching the wires with a motor
and counter weights [41]. Figure 3.1 shows a diagram of the reconfigurable antenna
proposed by Bruce and Beck. This antenna needs to be terminated by resistors (usually
600-800 ⌦) to reduce reflections. This kind of antenna is excited from the other end
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where the resistors are placed. A single main lobe radiation pattern is acquired when
radiation beams 2, 3, 6 and 7 from each wire are aligned, as shown in Figure 3.2.
Reconfiguring this antenna consists of changing the length of the major axis of the
rhombic wire antenna to steer the beam in azimuth. However, as the antenna operates
in the short-wave radio frequency spectrum (HF), the axis needed to change by more
than 100 m to only steer 17.5   the main lobe. This method is rudimentary and it has
a size constraint, but it is believed to be the first reconfigurable antenna.
Figure 3.2: Schematic of a rhombic antenna’s operation and its radiation pattern [14].
Since 1935 other designs have been proposed. Some other new designs are presented and
analysed next, and they are classified by their reconfigurable antenna parameters. An
antenna can be reconfigured in three di↵erent parameters: operating frequency, polari-
sation or radiation pattern. Di↵erent reconfiguration techniques can be implemented to
satisfy the imposed constraints and fulfil the antenna function. Most of these techniques
can be classified as in Table 3.1 [24]. In the next sections each reconfiguration technique
is explained and some examples are presented.
Switches Actuators Material change
Electrical Motors Plasmonics
Optical Linear Actuators Liquid Crystals
Thermal
Table 3.1: Antenna reconfiguration techniques.
3.1 Frequency reconfigurable antennas
Frequency is closely related to the size of the antenna. Introducing elements that can
enable or disable radiating shapes of the antenna will change the operating frequency.
Literature review 75
Frequency reconfiguration can be divided in: discrete tuning and continuous tuning,
depending on whether the changing of frequency is continuous or discrete.
3.1.1 Discrete tuning
Discrete tuning occurs when the operating frequency change is discrete, i.e. the operating
frequency is fixed and can only change between a certain number of bands which are
finite, as shown in Figure 3.3. The operating frequency of the antenna is changed by
adding or removing shapes of the radiating area through electronic, optical or mechanical
actuators, among others. Some examples of discrete adjustment are detailed next.
Figure 3.3: S11 parameter of a switched antenna that works at 4 di↵erent bands:
560 MHz, 625 MHz, 710 MHz and 950 MHz [3].
In [42] Radio Frequency Micro-Electro-Mechanical-Systems (RF-MEMS) switches are
used to change the e↵ective length of a printed dipole. Figure 3.4 shows the diagram
of a dipole in grey and two RF-MEMS switches in red (1 and 2), positioned in the
middle of the dipole arm, to stop or allow the current into the outer part of the dipole.
When changing the e↵ective size of the dipole, the operating frequency is changed. Some
advantages of these switches are: high isolation, linearity and they can be used across
multiple frequency bands [43]. A drawback is that they are slower than other techniques.
So, in the end, this is a trade-o↵. The geometry of the antenna is fairly simple to build,
in spite of the poor match at the low band mode, where the S11 parameter is only
-10.2 dB, and the radiation performance measured is quite close to the radiation of an
ideal dipole with radiation e ciencies close to 90 %.
A Field-E↵ect Transistor (FET) switch can be used to switch on or o↵ some parts of
an antenna by allowing or stopping current from flowing in those parts. The switch
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Figure 3.4: Printed dipole using RF-MEMS switches to switch on/o↵ a part of it.
controls the current distribution, therefore controls the radiation pattern, operating
frequency or polarisation. Some characteristics of FET switches are: high insertion
loss, higher switching speed compared to RF-MEMS switches, low power handling and
low electrostatic-discharge (ESD) immunity. In [44] the authors suggested using FET
switches and a voltage control to build a reconfigurable aperture antenna. Figure 3.5
shows a small part of this antenna, formed by conductive patches attached to each other
using FET switches. This system allows the antenna to control the exact aperture and
its shape. But, because of high insertion loss of these switches the radiation e ciency
is low. This design enables a high degree-of-freedom which is not necessary. After all,
there are a certain amount of shapes to radiate and it would be more e cient to just
introduce a significant lower amount of switches and choose between some predefined
shapes designed for each particular application the antenna is built for. For example,
a dipole, U-shape dipole, bow-tie antenna, circular and square patch antenna, or any
combination of the required designs.
Figure 3.5: Reconfigurable aperture antenna based on switched links between elec-
trically small metalllic patches [44].
Another kind of electronic device that can be used as a switch in reconfigurable antennas
is PIN diodes. PIN diodes consist of “a silicon wafer containing nearly equal p-type and
n-type impurities, with additional p-type impurities di↵used from one side and additional
n-type impurities from the other side”; this leaves a lightly doped intrinsic layer in the
middle, to act as a dielectric barrier between the n-type and p-type regions [45]. A
PIN diode presents the two heavily doped p-type (P) and n-type (N ) regions where the
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ohmic contacts are formed. These two regions are separated by a wide, lightly-doped
intrinsic region.
Some characteristics of PIN diodes are detailed next:
• High insertion loss
• Higher switching speed compared to RF-MEMS switches
• Less susceptible to ESD
• Higher upper frequency limit compared to FET switches and RF-MEMS switches
In [3] Peroulis et al. suggested to use four PIN diodes to change the e↵ective length of
an S-shaped slot to operate in one of four selectable frequency bands. Figure 3.6 shows
a diagram of the slot antenna indicating the position of the four switches. Although PIN
diodes can work at higher frequencies compared to other switches already presented, the
antenna gain is deteriorated by more than 2.5 dBi at those frequencies which is too high
specially for some applications, such as frequency spectrum monitoring. Furthermore,
PIN diodes need a reverse voltage of -20 V to maintain the switches in OFF position
with a well designed matching network, which makes them less suitable for low power
applications. And, finally, although the radiation pattern is barely maintained, the
polarisation is not and it degrades the received signal.
Figure 3.6: Slot antenna using four PIN diodes [3].
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3.1.1.1 Bias lines
One of the major challenges when designing reconfigurable antennas are the bias lines.
Bias lines e↵ectively control the RF switches state that are introduced in reconfigurable
designs in order to tune an antenna parameter. For many reconfigurable designs a DC
voltage must be directly applied to activate the RF switch and this introduces a new
metallic connection that is subject to both DC and RF signals. Therefore, bias lines
can severely a↵ect the antenna RF performance by altering the RF current or voltage
distribution within the antenna [46].
In [46] the S11 is drastically altered once metallic bias lines are placed within the antenna
near-field. Thus, the authors propose to use highly resistive lines to deliver the DC
activation voltage. The RF is highly attenuated along the line and in their example
design negligible e↵ects are observed on the antenna performance. The main drawback of
this technique is the high costs of fabrication which may not be suitable for a prototyping
stage.
Current designs for bias lines include quarter-wave transformers for narrowband designs
[47] and radial open stubs for wideband antenna designs [48]. Spiral RF filters and
interdigitated capacitors can be used for wideband applications as well [49]. For those
wideband designs the main challenge is the space required for these passive microwave
circuits as it may be too large for a given antenna topology.
Previously, some advantages and disadvantages of di↵erent RF switches (RF-MEMS
switches, FET switches and PIN diodes) are presented, but the main disadvantage are
the bias lines. As the bias lines in the surroundings of an antenna may change the
antenna RF performance, an optical switch is a good alternative because it eliminates
the bias line e↵ects by being controlled using an LED, for example. Freeman et al. used
an optical switch to change the e↵ective length of a monopole antenna in [50], a similar
idea to [42]. In [51] Panagamuwa et al. presented two silicon photoconductive switches
introduced in the middle of a balanced dipole, controlled by infrared laser diodes guided
with fibre-optic cables. Figure 3.7 presents a picture of the printed dipole. If the switches
are on, the operating frequency is 2.16 GHz and it is tuned up to 3.15 GHz when the
switches are o↵. When the switches are o↵, it usually means there is no connection.
If there is no connection, the physical length of the dipole antenna is shorter, i.e. the
antenna operates at a higher frequency.
These designs solve the problem of bias lines structures. Although optical switches need
to be controlled with their controlling circuitry as well, which will integrate the optical
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Figure 3.7: Printed dipole with silicon photoconductive switches [51].
emitting part. This part is then adjacent to the antenna, making the design bulky, less
robust and subject to vibrations and misalignment of the optical controlling part.
3.1.2 Continuous tuning
Switches are commonly used for discrete frequency tuning, thus other devices can be
utilised to reconfigure antennas in a continuous way. A continuous frequency tuning
means the operating frequency can have any value from within a set with a specific res-
olution, as shown in Figure 3.8, where the operating frequency can move from 270 MHz
to 470 MHz. This is usually achieved by changing the e↵ective antenna length. To
change the length of the antenna continuously the use of devices with a continuous
range of values is considered. Some examples are: varactor diodes and materials such
as liquid crystal. This type of reconfiguration needs a device able to change smoothly a
characteristic that influences the antenna performance. In the following, there are some
examples on what kind of components can be used and how.
A varactor diode is a diode with a very thin depletion layer, thus it can act like a capac-
itor. Typically, varying a reverse bias voltage between 0 V and 30 V, varactor diodes
change their capacitance between 2.4 pF and 0.4 pF. In [53] Bhartia et al. connected two
varactor diodes at the radiating edges to continuously tune a microstrip patch antenna.
Manipulating the value of the varactor diode, the e↵ective length of the patch antenna
can be changed. Figure 3.9 depicts the schematic of the antenna with the two varactor
diodes. From the results observed, this design can only achieve a 20 % – 30 % tuning,
which may not be su cient for wide frequency range applications. Furthermore varactor
diodes are non-linear, hence they are not easy to reconfigure to specific values.
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Figure 3.8: S11 parameter of a continuous tuning antenna that operates between
270 MHz and 470 MHz [52].
Figure 3.9: A microstrip patch antenna that uses two varactor diodes for continuous
tuning [53].
Other methods to reconfigure frequency can be used, such as physical changes. Langer et
al. presented in [54] a microstrip antenna covered with a thin layer of magnetic material
that changed the operating frequency by altering the elevation angle controlled by a
magnetic field (see Figure 3.10). This method uses mechanical actuators, which come
with some disadvantages: the maintenance of other antenna characteristics susceptible
to physical shape changes, low versatility because each design is specific for each antenna
or actuation mechanism and it cannot be used with most types of antennas.
Another technique used to reconfigure antennas is presented in [55], when applying a
DC voltage in a microstrip patch antenna that has a thin layer of Liquid Crystal (LC) a
variation in the alignment angle with the electric field can be obtained. Depending on the
LC alignment angle, a di↵erent relative permittivity will appear in the direction along
the electric field. Given that antenna frequency depends on the relative permittivity, a
dielectric tuning will change the antenna’s operating frequency. Material changes are
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Figure 3.10: Reconfigurable out-of-plane microstrip patch antenna [54].
those alterations in the relative permittivity or relative permeability, when applying an
electric or magnetic fields, which result in a change of the e↵ective electrical length of
the AUT. Figure 3.11 illustrates the antenna with LC layer and how the angle changes
for di↵erent input voltages. This reconfiguration only gives 4 % range tuning with high
losses because of the LC material. Radiation e ciency for this design varies between
7 %, when the LC is in the unbiased state, and 25 % otherwise, which is too low for a
high-gain application. Moreover, this method is slow, the LC takes time to align with
the electric field and sometimes not all LC is well aligned. The biasing voltage is high
as well.
Figure 3.11: Thin layer of LC in a microstrip patch antenna [55, 56].
3.1.3 Reconfiguration combining switching and continuous tuning
As discussed before, one disadvantage of continuous tuning is that it cannot change the
frequency in a wide range of bands. In the case of the switching antennas, too many
switches to get a continuous adjustment would mean higher insertion loss, as in [44].
Therefore, a combination of switching and reactive tuning can also be used like in [57].
Jung et al. presented a monopole structure that uses a PIN diode to provide tuning
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between two operating frequency bands: 2 GHz and 5 GHz. Furthermore, a varactor
diode is used for fine tuning within each band. The combination of both technologies
is a good alternative to overcome the di culties of finding a suitable component for
frequency and the required isolation and linearity. Figure 3.12 shows a diagram of the
antenna and its components. This is a good alternative because it can provide the
advantages of both techniques. On the other hand, this means more switches, which
means higher insertion loss and lower overall gain. As a consequence, in this design
there is a trade-o↵ between degrees of reconfiguration and antenna performance.
Figure 3.12: Macro-micro frequency tuning antenna for reconfigurable wireless com-
munication systems [57].
3.2 Antennas with reconfigurable polarisation
Apart from frequency, other parameters such as polarisation can be reconfigured. The
direction of the current flow is what determines the polarisation of an antenna. Finding
a way of changing this direction or forcing new paths for the antenna current are some
methods to reconfigure polarisation in the AUT. Some examples are explained below.
Switches can be useful to enable new paths for the current or change the present paths.
In [58] Wang et al. presented a microstrip patch antenna where they placed RF-MEMS
switches in the feed line to switch from one linear polarisation to the orthogonal lin-
ear polarisation or to circular polarisation (see Figure 3.13). RF-MEMS switches have
some advantages, but the drawbacks, such as switching speed and insertion loss in high
frequencies, compared to other technologies are significant.
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Figure 3.13: RF-MEMS switches tuning polarisation in a microstrip patch antenna
[58].
PIN diodes can be useful in reconfiguring polarisation as well. For example, in [59] a
reconfigurable patch antenna using switchable slots for circular polarisation diversity
is proposed. Switches are used to change between Right Hand Circular Polarisation
(RHCP) and Left Hand Circular Polarisation (LHCP). They use phase di↵erences in the
centre frequency of the propagating modes to switch between polarisations. Figure 3.14
illustrates a diagram of the antenna using switches to short-circuit the slots. These
methods are good but they cannot be extended to other designs because they are very
specific of these square patches and the way they are fed.
Material changes can also be used to achieve reconfiguration of the polarisation. Rainville
and Harackiewicz suggested a magnetic tuning of a microstrip patch antenna fabricated
on a ferrite film in [60]. It is based on a static magnetic biasing of the ferrite film; when
a static field is applied it tunes the frequency of the cross polarised field and creates
a range of elliptical polarisations. Optimising the feeding point and the ferrite film
properties, circular and linear polarisations can be obtained.
Coupled feeding is another example for changing from RHCP to LHCP in a microstrip
ring antenna. In [61] a U-shaped microstrip feed line is proposed to excite a circularly
polarised ring antenna with an operating frequency of 2.7 GHz. Figure 3.15 presents a
diagram of the suggested antenna. When feeding excites the antenna from port 1 and
port 2 is left open-circuited, RHCP is achieved. Whenever port 2 is excited and port 1
left in open-circuit, LHCP is configured (see Figure 3.16). The main drawback of these
methods is that they are very specific for each antenna, shape, etc. and they cannot be
extrapolated.
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Figure 3.14: Microstrip slotted-patch antenna with PIN diodes to tune antenna po-
larisation [59].
Figure 3.15: U-shaped microstrip feed line in a ring antenna [61].
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Figure 3.16: Current flowing in a circularly polarised ring antenna [61].
3.3 Radiation pattern reconfigurable antennas
The third parameter that can be reconfigured is radiation pattern. The radiation pattern
of an antenna is determined by the arrangement of electric and magnetic currents on
the antenna structure. Hence, by controlling the way in which the currents flow in the
structure or change the physical structure of the antenna its radiation pattern can be
adjusted. The main problem, in this case, is to change the radiation pattern without
changing the operating frequency or the polarisation, which depend on physical structure
and current flow too. Below there are some examples on how to accomplish this.
In [62] Clarricoats and Zhou designed a radiation-reconfigurable reflector antenna by
changing the structure of a mesh reflector. Although this type of mechanical change
does not a↵ect the operating frequency of the antenna, it is very di cult to achieve and
build.
A planar “V” antenna with a coplanar transmission line feed is suggested in [63]. MEMS
actuators are used to physically move the arms of the antenna to steer the main lobe and
reconfigure the radiation pattern. Figure 3.17 shows a diagram of the design. As stated
before, although this design does not change the frequency response, it is not versatile
and it is only specific of this type of antenna. This design will also present multiple
mechanical problems in the long run, such as misalignment and actuators durability.
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Figure 3.17: Vee antenna using MEMS to steer the main lobe [63].
Radiation pattern can also be adjusted by other means, for example electrical or elec-
tronic tunings. Electrical changes in the radiating structure result in changes in the
radiation characteristics. Nikolaou et al. presented a slot antenna with two diodes
placed at locations around the slot to control the direction of a pattern null [64]. Fig-
ure 3.18 depicts the antenna and Figure 3.19 shows the di↵erent radiation patterns that
can be achieved while reconfiguring the AUT. When activating the left PIN diode a null
is forced in this direction, so that the radiation pattern is the dashed one. A similar
thing happens with the right diode (dotted line). When activating both diodes, the
radiation pattern result is the continuous line. This design presents a steer in the radi-
ation pattern depending on the diode location in the antenna. To make the main lobe
continuously steerable the design would be challenging because a lot of diodes need to
be introduced close together, along with the small but finite shift in frequency when a
diode is biased, which is around 3 % deviation.
Figure 3.18: Reconfigurable annular slot antenna using PIN diodes [64].
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Figure 3.19: Radiation patterns of the reconfigurable annular slot antenna [64].
On the other hand, electronically tuned antennas rely on the mutual coupling between
closely spaced driven and parasitic elements. This is one of the most e↵ective methods
to change radiation pattern independently from frequency. It has wide frequency band-
width and a range of available topologies and functionalities. For example, Zhang et al.
presented in [65] a linear element with two spaced parasitic elements positioned parallel
to the driven element (see Figure 3.20). The length of the parasitic elements is changed
with electronic switches, which alter the magnitude and phase of the currents on the
parasitic elements relative to the driven element.
Figure 3.20: Diagram of the driven element with the two parasitic elements [65].
The di↵erent radiation patterns achievable are presented in Figure 3.21, where the main
lobe in the H-plane has been steered in di↵erent directions, when activating each par-
asitic element. But the main variation is in the increased back lobe of the antenna.
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The parasitic element forces the radiated energy to one side but leaves the direction of
maximum gain almost in the same direction.
Figure 3.21: Radiation patterns depending on parasitic elements length [65].
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3.4 RF switches comparison summary
Table 3.2 provides a summary comparison for the main switching techniques identified
for use in reconfigurable antennas, based on the proposed designs explained before. As
it can be seen, RF-MEMS switches have the highest bandwidth and the lowest insertion
loss at 1 GHz, but they also demand a high actuation voltage [66]. Although in terms
of switching speed the PIN diode is the best switch, of the order of nanoseconds, but
then this switch requires a high biasing current [67], which the GaAs MMIC switches
do not require [68]. The FET switches are fast and have good isolation but the inser-
tion loss is high [69]. Finally, GaAs MMIC switches have an acceptable insertion loss
and bandwidth, one of the fastest switching speeds and low actuation voltage and bias
current. Despite their lower isolation, which is close to the PIN diodes isolation, it is a
good candidate for reconfigurable antennas along with RF-MEMS switches.
PIN diode
[67]
FET [69]
RF-MEMS
[66]
GaAs MMIC
[68]
Insertion loss at 1 GHz (dB) 0.6 1.0 < 0.16 0.7
Isolation at 1 GHz (dB) 15 60 > 24 25
Switching speed (s) 650 · 10 9 5·10 9 10 6 40·10 9
Bandwidth (MHz) 20-2000 100-6000 DC-12000 DC - 6000
Actuation voltage (V) 40 5 0-90 1.2-5
Bias current (µA) 104 5 < 10 0.2
Price per unit (£) 0.98 5.8 12 5.44
Table 3.2: Switching techniques parameters comparison.
3.5 Reconfigurable Vivaldi antennas
As analysed up to this point, many di↵erent techniques to reconfigure antennas have
been presented, but most of them operate in a narrow range of frequencies. In order
to maintain the radiation characteristics of an antenna across a wide frequency range,
one can base a reconfigurable design on frequency-independent antennas. The Vivaldi
antenna is a wideband antenna that provides high constant gain across a wide range of
frequencies. In this section, some proposed designs for reconfigurable Vivaldi antennas
are described and analysed.
In [70] several rings are introduced in a Vivaldi antenna to resonate at di↵erent frequen-
cies. As it resonates in specific frequency bands, some energy is accumulated in the rings
stopping it to be radiated from the antenna. Figure 3.22 shows the Vivaldi antenna with
ring resonators. As accumulated current is in the rings, it diminishes the overall gain of
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the antenna down to 3.27 dBi from the usual 10 dBi. Because of its low gain it is not
suitable for spectrum monitoring [71], because the higher the antenna gain the better
the SNR will be.
Figure 3.22: Four-band reconfigurable antenna with ring resonators [70].
A tuneable stop band in a Vivaldi antenna is proposed in [72]. Three varactor diodes are
distributed on a microstrip line resonator which couples to the tapered slot, as shown in
Figure 3.23. The varactor diodes change the electrical length of the resonator, achieving
several reconfigurable stop bands. But the maximum gain obtained is 7 dBi, which is
still low for a travelling wave antenna such as the Vivaldi antenna. As stated before, by
introducing elements that resonate at certain frequencies the overall gain of the antenna
is diminished. And as a Vivaldi antenna is a travelling wave antenna, which means the
current flows from the exciting port to the radiating aperture, when a part that resonates
is introduced it disturbs the whole response and deteriorates the overall performance of
the antenna.
Apart from switches, varactor diodes are also used in Vivaldi reconfiguration. In [73] a
halved Vivaldi antenna is proposed working with a ground plane to reconfigure a band
rejection of 20 dB with a frequency tuning range of 4 GHz. It uses a rejection filter
consisting of two microstrip resonators and two varactor diodes coupled to the slot of
the Vivaldi. Figure 3.24 shows a diagram of the antenna. This design presents higher
gain compared to the tunable stop band in [72], but it requires a ground plane big
enough, so that it makes the design suitable for vehicular communications but not for
portable devices.
In [74] a reflectarray is shown to perform beam steering by using RF-MEMS switches
inserted in the coplanar strip transmission line of a Vivaldi antenna. Several switches are
introduced along the transmission line behind the flared-notch of the Vivaldi. Figure 3.25
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Figure 3.23: Tunable stop band Vivaldi antenna, (a) front view, (b) rear view with
zoom in the resonator [72].
Figure 3.24: Halved Vivaldi antenna with tunable stop band [73].
shows the design. Using an array of these elements and by switching the RF-MEMS
switches the signal is reflected along the line beyond which all the remaining switches are
in reflecting mode. So, the radiated signal time delay is twice the time of travel between
the first closed switch and the antenna phase centre. A similar idea is presented in
[75]. RF-MEMS switches are used to short-circuit the slot of a Vivaldi antenna in a
reflectarray application. By choosing which switches are short-circuiting the slots in the
array a beam steering is performed. But in those cases more than one reflector-element
is needed to steer the main lobe.
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Figure 3.25: Reflectarray using RF-MEMS switches to perform beam steering [74].
An antipodal Vivaldi antenna is proposed for cognitive radio applications in [76]. The
antenna works from 1.5 GHz up to 10 GHz. It provides a reconfigurable band notch by
using three nested complementary split-ring resonators (SRR) in the ground plane, close
to the feed point as shown in Figure 3.26. This avoids degradation to the performance
of the antenna. The SRR are controlled by three electronic switches. Although the
gain is preserved over the lower bands, at high frequency it is degraded, which could
be because of the similarity between the wavelength at these frequencies and the size
of the furthest aperture. However, this paper only shows the radiation pattern at the
frequency of one reconfigurable notch that in this case is omnidirectional. It does not
facilitate any other radiation pattern or gain of the antenna in other situations. The
stability of the radiation characteristics in other modes is questionable.
Figure 3.26: Antipodal Vivaldi antenna with a reconfigurable band notch [76].
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In [77] another Antipodal Vivaldi with two SRR is proposed. It uses the SRR and
switches to couple a certain frequency whose quarter-wavelength corresponds to the
SRR electrical length as shown in Figure 3.27. By varying the capacitive load in the
SRR, the electrical length of the SRR is changed and the antenna is tuned in frequency.
The authors propose to use varactor diodes to vary the capacitive load in the SRR and,
thus, achieve 30 narrrowbands using the two SRR, one SRR for the lower frequencies
and the other one for the higher operating frequencies. They show partial experimental
results, only showing the Antipodal Vivaldi in UWB mode, that is with one wideband
from 3.3 GHz up to 10.6 GHz, and two narrowband modes by soldering two di↵erent
capacitor values in the SRR. Gain is not measured, but only calculated and the realised
gain is very low: from 2 dBi to only 5 dBi. Because of the nonlinearity of the varactor
diodes they would become a major challenge in the implementation of this design.
Figure 3.27: Current distribution for in-band (left) and out-of-band (right) operation
of an Antipodal Vivaldi antenna with SRR and switches [77].
Conclusively, reconfigurable Vivaldi antennas proposed up until now present low gain in
case of frequency reconfiguration of several frequency bands and introduce a resonating
part to filter out a specific frequency band, which makes the overall gain of the antenna
very low.
3.6 New technologies on reconfigurable antennas
Reconfigurable antennas presented before are based on designs that introduce an ele-
ment which changes or adds some parts to the antenna. Novel technologies give a new
perspective to reconfigurable antennas by introducing new materials that can be used
as radiators, such as fluid metals. New developments show that fluid antennas can have
radiation e ciencies up to 90 % [78].
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Lately, numerous implantable RF devices use liquid antennas since these systems must
be compact, wearable, biocompatible and reliable. While metallic antennas are e↵ective
in the air, when in contact with human tissue they become ine cient and unmatched.
In addition, mechanical changes are di cult because of the risk of defects, unwanted
resonances and altered impedance [79]. The use of liquid metal solves these problems
and grants mechanical reconfiguration. Flexible plastic can also be used to encapsulate
the liquid antennas to make them versatile and more rugged. In this section, several
proposed designs for fluid antennas are described and analysed.
A liquid dipole can have similar radiation e ciency compared to a solid metallic ele-
ment, as So et al. show in [78]. They took advantage of flexible or bendable materials
to make antennas durable and deformable. The fluid antenna can flow in response to
deformation of the elastomer, which is used to encapsulate the liquid and as a dielec-
tric, and thus change the antenna’s operating frequency. The elastomer utilised as the
antenna substrate is polydimethylsiloxane (PDMS), to which they have introduced two
microfluidic channels. The conductive element of the antenna is eutectic gallium indium
(EGaIn), which is a low-viscosity liquid at room temperature and possesses a thin oxide
skin that provides mechanical stability to the fluid within the elastomeric channels. Its
conductivity (  = 3.4 · 106 S ·m 1) is higher compared to other metal liquids but still
below conductivity of copper at room temperature (  = 5.96 · 107 S ·m 1). Figure 3.28
shows the fluid dipole prototype being stretched. The resonant frequency varied from
1.85 GHz down to 1.6 GHz, when stretched from 54 to 66 mm, maintaining its elec-
trical continuity. This proposed design is a good start, but the materials used are still
expensive and di cult to build.
Figure 3.28: Liquid dipole encased using an elastomer and being stretched [78].
Similarly, a microstrip patch antenna is presented in [80]. It uses PDMS as the flexible
elastomer which encases a series of multilayer microfluidic serpentine channels to form
a microstrip patch. EGaIn is the liquid metal alloy used as the radiator material. It is
very flexible and its tenacity is tested by measuring the antenna response when flexed.
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It is shown that the operating frequency of the antenna does not change. The radia-
tion e ciency is around 60 % which is lower compared to conventional patch antenna
(typically 72 % – 91 %). Figure 3.29 shows the multilayer antenna and its flexibility.
Although they are trying to build a microstrip patch antenna the performance is not
comparable to a metal patch, so some advances have to be made in this field to be able
to produce a microstrip patch fluid antenna.
Figure 3.29: Microstrip patch antenna using a multilayer microfluidic serpentine
channels [80].
While in RF fluid research the most popular fluid systems use metal fluids like EGaIn,
in [81] Galinstan is used to tune a dual-band slot antenna. Galinstan is a non-toxic eutec-
tic alloy of Gallium, Indium and Tin with an electric conductivity of   = 3.5 · 106 S ·m 1
[10]. However, to avoid Galinstan from sticking to channel walls, a Teflon solution needs
to be used as a lubricant. This alloy is introduced in two separated PDMS structures,
each containing two micro channels on top of each slot antenna. The tuning method is
based on using di↵erent configurations of filled and empty channels, which changes the
loaded capacitance and thus the resonant frequency.
In [10] a new material is proposed to avoid the Aluminum oxidation when in contact with
the Galinstan surface. Galinstan is known to dissolve Aluminum, Nickel and Platinum
leading to the formation of oxides on their surface at room temperature [82]. These
surface oxides result in a very high contact resistance and make their use impractical.
Ahlberg et. al. used graphene to create an e↵ective di↵usion barrier for preventing
aluminum oxide in the interaction between the aluminum and Galinstan in electronic
devices to interconnect in stretchable electronics.
Furthermore, a CPW folded slot antenna is loaded with two fluid metal channels on top
of the slot to reconfigure the resonant frequency in [83]. It uses Galinstan as the fluid
metal and PDMS microfluidic structures bonded to the circuit board to enclose the fluid.
This design gives more than an octave switching ratio which is higher compared to other
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designs. Figure 3.30 shows a fabricated prototype of the antenna. The main drawbacks
of this design are the fluid channels control system currently cannot be electronically
controlled and only discrete tuning can be achieved.
Figure 3.30: CPW folded slot antenna with fluid metal channels on top to reconfigure
the resonant frequency [83].
3D printing technologies have also been used to fabricate flexible antennas for wearable
applications with liquid metals as in [84]. The proposed antenna uses Galinstan to form
an Inverted F Antenna (IFA) with a flexible thin plate of copper ground plane. The IFA
is designed at 900 MHz and the frequency response is measured for di↵erent radius of
curvature, where the antenna presents a shift of the antenna resonance of around 2 %.
The main drawback of this design is the low e ciency (about 40 %), which the authors
attribute to resistive, dielectric and Galinstan’s conductivity losses.
An improved design is presented in [85], where the e ciency issues are resolved and the
antenna achieves a maximum e ciency of 70 % at the resonant frequency of 885 MHz.
The improved design includes a flexible foam in order to keep the antenna radiating
arm at a constant distance from the ground plane. The authors also validated the
antenna performance with the influence of the human body as the antenna is intended for
wearable applications, achieving similar results compared to the measured performance
of the antenna without influence of a human body.
In [86] the authors present a 3D printed reconfigurable helical antenna. A liquid metal
alloy is used to vary the number of turns of the helix by controlling the volume of the
EGaIn and thus tuning the gain of the antenna, when the antenna is radiating in axial
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mode. At the operating frequency of 5 GHz they can achieve a 4 dB improvement in
the antenna’s gain by changing from 2 turns to 8 turns of the helix. The gain tuning
is significant but it is important to highlight that there is a frequency deviation of
around 300 MHz when reconfiguring the antenna that could become a serious issue for
narrow-band applications.
Although EGaIn and Galinstan are widely used in fluid antennas because of their high
electrical conductivity, they are expensive. Alternatives are: aqueous NaCl solutions,
NaOH solutions, H2SO4 solutions or KCl solutions. These solutions have electric con-
ductivities from 14 S/m to 85.2 S/m, which are much lower compared to EGaIn or
Galinstan but these ionised solutions are cheaper and easier to produce. In [87] a range
of di↵erent ionised solutions are presented and analysed, concluding that materials with
certain amount of conductivity can be used as antennas and need not be essentially
solid.
Figure 3.31: Seawater monopole antenna [88].
In the same manner, in [88] seawater is used to design a monopole antenna. Figure 3.31
shows a diagram with the PVC tube encasing the seawater. Although the e ciency is
only 32 %, seawater is easy to get, non-toxic and eco-friendly. The e ciency can be
improved up to 80 % by increasing the concentration of sodium chloride in water. By
analysing and experimenting with di↵erent easy-to-get materials, like KCl solutions, a
fairly good-conductive antenna can be achieved with performances good enough to be
competitive with the solid-metal conventional antennas, as fluid antennas can be easily
reconfigured.
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3.7 Summary of chapter
Antennas can be reconfigured in polarisation, radiation pattern or operating frequency.
Frequency reconfiguration is a feasible solution to the higher demand in antenna capa-
bilities, since these antennas can operate in one frequency band while rejecting other
bands, thereby increasing signal-to-noise ratio (SNR) [2].
Frequency reconfiguration can be classified in two categories: discrete tuning using RF
switches and continuous tuning using other methods. For the discrete method several
designs have been presented using RF-MEMS switches, FET switches, PIN diodes and
photoconductive switches. The latter ones are proposed to avoid interference from bias
lines to control the switches, although some other disadvantages appear, like fragility.
In the case of PIN diodes and FET switches, these switches have high insertion loss
at higher frequencies unsuitable for the industrial requirements of this research project.
Therefore, RF-MEMS switches are a good candidate to start. For the continuous tuning,
other components are proposed: varactor diodes, mechanical changes and LC. However
these methods present low e ciency and low range tuning. Consequently a combination
of discrete and continuous tuning is presented. These designs present a trade-o↵ between
degrees of reconfiguration and antenna performance.
For polarisation diversity, the proposed designs are very specific for each antenna design
and they cannot be extrapolated to other antennas.
In the radiation pattern reconfiguration three main designs are analysed. A reconfig-
urable reflector antenna and a planar “V” antenna that use mechanical changes, which
are not easy to extrapolate to other designs. And a design with two reconfigurable para-
sitic elements in parallel to a driven element that claim to steer the main lobe, although
they increase the back lobe considerably and the gain in the main direction is mostly
una↵ected. Reconfigurable polarisation designs and reconfigurable radiation pattern
designs are not a requirement of this project, therefore will not be further analysed.
Although some work has been done in the field of frequency reconfigurable antennas,
most of the designs can only operate in a narrow frequency range. The use of the so-called
frequency-independent antenna, such as a Vivaldi antenna, allows the design to operate
across a wide frequency range while maintaining the radiation characteristics. Di↵erent
designs using a Vivaldi antenna have been presented, but none of them maintain high
gain and consistent radiation pattern across a wide frequency range, as they introduce
resonant elements that compromise the antenna gain. Therefore, in this project the
nature how the electrical surface current flows in the travelling-wave Vivaldi antenna
will be determined and then, with that understanding, an RF switch will be introduced
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to tune the operating frequency of the wideband antenna without sacrificing antenna
gain.
Moreover, new technologies currently reveal that other materials can be used as anten-
nas, like fluid metal alloys. Several examples have been presented using di↵erent types
of fluids. EGaIn is the most commonly used with high conductivity, but it is expensive.
The same applies to Galinstan. But seawater or ionised solutions such as NaCl, NaOH or
KCl solutions show good characteristics to be implemented in a low-cost reconfigurable
antenna design.
Chapter 4
Frequency-reconfigurable
switched Vivaldi antennas
4.1 Introduction
This chapter aims to explain several reconfigurable antenna designs that have been pro-
posed to fulfil the requirements of this research project. The frequency reconfiguration
is based on a wideband antenna because it will maintain the radiation characteristics in
all the bands. A planar Vivaldi antenna is considered because of its directional radiation
pattern and ease of manufacturing within the departmental workshop. The procedure to
design a planar Vivaldi antenna is explained first and some improvements on the design
are proposed and implemented next.
Once a basic Vivaldi antenna is simulated and analysed, a reconfigurable design is pro-
posed based on the understanding acquired and the literature review. The first design
studied is a switched dual-band antenna that can be shifted between two frequency
bands centered at 2.7 GHz and 3.9 GHz. In order to improve the SNR of the antenna, a
quarter-wave microstrip stub and a three-quarter wave slot are introduced to control the
operating frequency. Given the Vivaldi antenna is frequency-independent, the radiation
characteristics such as polarisation, radiation pattern and direction of the main lobe,
are going to be maintained in all operating bands. The antenna is electronically recon-
figured by using two Radant RMSW100 RF-MEMS switches which adjust the length of
the current path for each band. These switches were selected because they present very
low insertion loss and they can operate across a wide frequency range, although they
will need a driver to operate them as they require an actuation voltage of 90 V.
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The same idea of adjusting the current path is applied to a tri-band design, by using
4 RF switches. And, finally, a quad-band antenna with 6 RF switches is presented to
reconfigure the operating frequency between any band from 1.5 GHz up to 6 GHz.
A prototype of the two-band design is fabricated and tested. Several problems arise
related to the electronic switches and to the fabrication procedure in the departmental
workshop. Therefore, a new dual-band design is proposed using only one GaAs MMIC
RF switch. A low insertion loss GaAs MMIC switch is selected because of its lower
actuation voltage and higher switching speed compared to the Radant RF-MEMS switch.
The proposed design is fabricated and successfully verified in the university anechoic
chamber achieving switched tuning and good isolation.
Moreover, a model with calculation formulae is then extracted from transmission line
theory and empirical experience. This model is applied to design a dual-band Vivaldi
antenna prototype optimised to overcome the limitations of fabrication in the depart-
mental workshop.
4.2 Design of a Vivaldi antenna
To start, a model of a basic Vivaldi antenna is designed and simulated to get a benchmark
for comparison. The basic Vivaldi is designed following equations reported in [12, 89].
The basic Vivaldi antenna defined here presents an exponential flare with a circular stub
in the bottom layer and a microstrip line that is connected to a 50 ⌦ port terminated
with a radial stub. The radial stub and circular stub have a wideband operation to match
a wide frequency range. This antenna is used in the reconfigurable design as the basis
antenna by replacing the wide matching stubs by narrow-band stubs but maintaining
the same exponential flare.
Next sections describe the initial design of a basic Vivaldi antenna as well as the study
and simulation of the proposed antenna as it is the basis of the reconfigurable designs.
4.2.1 Basic Vivaldi antenna
The geometry of the Vivaldi antenna is characterised by an aperiodic continuously scaled
structure (or a tapered slot antenna (TSA)), which permits a constant gain within a wide
frequency range. This antenna has high constant gain and linear polarisation inside its
operating frequency range [12].
Frequency-reconfigurable switched Vivaldi antennas 102
An exponential flare suits best the structure of a tapered slot antenna as the gradient of
the flare must be proportional to wavelength to achieve a constant beamwidth [12, 36].
The exponential flare is designed to match the 50 ⌦ antenna input impedance to the
free-space impedance (377 ⌦), following equation 4.1, where Z0 = 50 ⌦, ZL = 377 ⌦
and ↵ is calculated as in equation 4.2 [89, 90].
Z(x) = Z0 · e↵x (4.1)
↵ =
1
Lflare
ln
✓
ZL
Z0
◆
(4.2)
Therefore, the flare of the Vivaldi antenna can be calculated as in equation 4.3, where
A = WLB2 , B =
Wslot
2 and Lflare = 200 mm. Figure 4.1 and Figure 4.2 represent the
antenna and its parameters used in the equations.
x (mm) = Ae↵y +B (4.3)
The top layer presents a 50 ⌦ microstrip feed line that is terminated with an open-
circuit stub, as shown in Figure 4.1. The stub matches the impedance of the input
port to the impedance in the bottom-layer slot. The bottom layer accommodates the
exponentially tapered Vivaldi antenna as shown in Figure 4.2. The antenna is designed
on a substrate of Taconic RF-43 with a thickness of 0.762 mm and relative permittivity
("r) of 4.3, which is a low-loss alternative to FR-4 [91, 92]. The antenna is excited from
the microstrip line in the top layer. The intersection from stub to slot line is formed
by two stubs: a quarter-wave stub (Lstub) and a three-quarter wavelengths slot line
(Lslot). The length of these stubs limits the operating band of the Vivaldi antenna, as
quarter-wave stubs are inherently narrowband.
The maximum and minimum operating frequency of a Vivaldi antenna are defined by
the width of the narrow part of the aperture (WHB) and the width of the widest part
of the aperture (WLB) of the antenna, shown in Figure 4.2. The length of the antenna
needs to be long enough to be able to accommodate the slot length and tapered slot
length. This length needs to be greater than one wavelength at the centre frequency
[93]. In this design, Lantenna is 250 mm.
As the width in the narrow part of the slot limits the highest frequency in the antenna
and the aperture size restricts the lowest frequency, in equation 4.4 the dimensions of
the antenna are defined to operate between 1 GHz and 6 GHz.
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Figure 4.1: Diagram of the top layer of a Vivaldi antenna.
Figure 4.2: Diagram of the bottom layer of a Vivaldi antenna.
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WLB =
 low frequency
2
=
3 · 108/1 · 109
2
= 0.15 m = 150 mm
WHB =
 high frequency
2
=
3 · 108/6 · 109
2
= 0.025 m = 25 mm
(4.4)
The position, length and width of the stub and the slot have been optimised for max-
imising the signal coupling in terms of impedance matching.
As stated before, the quarter-wave stubs are inherently narrowband. To avoid limiting
the operating band of the Vivaldi antenna, a circular stub is introduced in the bottom
layer at the end of the slot, as shown in Figure 4.3. The circular stub (16 mm diameter)
expands the frequency bands by two times. In the top layer the feed line is terminated
with an open-circuit radial stub to widen the matched band as shown in Figure 4.4. The
radial stub (12.5 mm length and radial angle of 92 ) operates as a quarter-wave stub
across a wide frequency range allowing a wider band to be well matched.
Figure 4.3: Bottom view of the simulated basic Vivaldi antenna with circular stub.
The simulated operating band of this design can be extracted from the S11 parameter
in Figure 4.5. The S11 falls below -10 dB ± 0.5 dB (green dashed line) at 900 MHz up
to 5.6 GHz.
Frequency-reconfigurable switched Vivaldi antennas 105
Figure 4.4: Top view of the simulated basic Vivaldi antenna with radial stub.
Figure 4.5: Simulated S11 for basic Vivaldi antenna.
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Figure 4.6 presents the gain against frequency of the basic Vivaldi antenna. Gain is
constant within the operating band of the antenna with a value of 10.2 dBi.
Figure 4.6: Simulated gain against frequency for basic Vivaldi antenna.
Figure 4.7 presents the surface current distribution in the basic Vivaldi antenna for
various operating frequencies: 2 GHz, 3 GHz, 4 GHz and 5 GHz. The antenna is clearly
radiating in all frequencies as the current is propagated to the open end of the Vivaldi
antenna (bottom part of the pictures). The radial stub is operating as a quarter-wave
stub across all frequencies and the circular slot matches the impedance in all bands
achieving a flat gain as shown in Figure 4.6.
A 3D view of the radiation pattern at mid-band (3 GHz) is shown in Figure 4.8. As
analysed before, this antenna has a directional beam perpendicular to the aperture. In
Figure 4.9 the E-plane (red line) and the H-plane (green line) of the Vivaldi antenna are
presented. E-plane has a 3 dB beamwidth of 44  and H-plane displays a 3 dB beamwidth
of 58 . The main lobe is wider in the H-plane, which is because of the planar design
and the curve defined by the antenna tapering. As the frequency increases the 3 dB
beamwidth in the H-plane and E-plane decrease.
Figure 4.10 and Figure 4.11 show the time response and group delay of the antenna,
respectively. The time signals results show a high-e ciency antenna as it presents low
reflection. And group delay is constant in all bands with a peak of 2 ns at 3.36 GHz.
These results are suitable for spectrum monitoring and cognitive radio applications.
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(a) 2 GHz (b) 3 GHz
(c) 4 GHz (d) 5 GHz
Figure 4.7: Surface current distribution for the basic Vivaldi antenna.
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Figure 4.8: 3D view radiation pattern of the basic Vivaldi antenna at 3 GHz.
Figure 4.9: E-plane (red) and H-plane (green) radiation patterns of the basic Vivaldi
antenna at 3 GHz.
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Figure 4.10: Simulated time signals, i1 (input signal) o1,1 (output signal) of the basic
Vivaldi antenna.
Figure 4.11: Simulated group delay of the basic Vivaldi antenna with a peak of 2 ns
at 3.36 GHz.
4.2.2 Improvements on the basic Vivaldi antenna
While studying the basic Vivaldi antenna some ideas were implemented to improve its
performance. One of these ideas is the dielectric extension. It consists of extending the
substrate material at the aperture in a semi-circular shape, as shown in Figure 4.12.
This extension of 72 mm enables a better matching of the radiated waves to the air
minimising discontinuities.
The simulated realised gain is shown in Figure 4.13. The antenna operating frequency
is not a↵ected by the dielectric extension. On the other hand, the gain has increased by
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(a) Top view (b) Bottom view
Figure 4.12: Vivaldi antenna with dielectric extension.
up to 2 dB. Although there is a slightly increasing tendency, it can be said the gain is
still stable across all operating band.
Figure 4.13: Simulated gain comparison of the basic Vivaldi with no extension and
the basic Vivaldi with dielectric extension.
In the previous section a basic Vivaldi antenna was designed and simulated to create a
benchmark for comparison. The wideband antenna operates from 1 GHz up to 5.5 GHz
with stable gain of 10.2 dBi. A dielectric extension (Lext) is implemented, which improves
the gain by up to 2 dB. This improved antenna is used in the next sections as the basis
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of the reconfigurable designs by replacing the circular and radial stubs by narrow-band
stubs but maintaining the same exponential flare.
4.3 RF switch to tune a reconfigurable antenna
In order to reconfigure the proposed reconfigurable Vivaldi antenna RF switches are
required. Radant RMSW100 RF-MEMS switches were chosen because they present low
insertion loss, good isolation, high switching speed, low bias current and operate up to
12 GHz. Table 4.1 displays a summary of the Radant RMSW100 switch characteristics
obtained from the manufacturer’s datasheet [66].
Parameter Value
Operating frequency < 12 GHz
Insertion loss 0.16 dB
Isolation 24 dB
Actuation voltage 90 V
Switching speed 10 6 s
Bias current 10 µA
Table 4.1: Radant RMSW100 RF-MEMS switch characteristics [66].
Figure 4.14: Radant RMSW100 RF-MEMS switches evaluation board.
An experiment was set up to measure the switch characteristics using the Agilent
E5071C VNA [94] and then import the S-parameters measurements into CST MWS.
The RMSW101 evaluation board provided by the manufacturer was used to measure
the switch parameters (see Figure 4.14).
Figure 4.15 and Figure 4.16 show the measured reflection coe cient (S11) and transmis-
sion coe cient (S21) for the switch OFF mode and ON mode, respectively. The plots
show an insertion loss of 0.17 dB, isolation of 23 dB and a return loss of 30 dB at 3 GHz,
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Figure 4.15: S-parameters for Radant RMSW100 RF-MEMS switches in OFF mode.
Figure 4.16: S-parameters for Radant RMSW100 RF-MEMS switches in ON mode.
which is in close agreement with the data provided by the manufacturer. Therefore,
the Radant MEMS RMSW100 switches are good candidates to be used for frequency
reconfigurable antennas.
The recommended actuation voltage is 90 V. Therefore, these switches require a driver.
The Radant RMDR1000 driver provided by the manufacturer is used. The driver board
has a microcontroller that needs to be programmed in advance as shown in Figure 4.17.
All these characteristics and requirements are taken into account to design the recon-
figurable Vivaldi antenna as discussed in the next section. The measured reflection and
transmission coe cients are imported into CST MWS to get more accurate results.
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Figure 4.17: Experiment setup for Design A.
Figure 4.17 presents a block diagram of the experiment setup for Design A with the RF
MEMS switches, RF MEMS driver, programmer and digital control board. The driver,
which provides the voltage required to actuate the RF MEMS switches, is programmed
using the PIC programmer. The digital control board provides the user interface with
SPDT switches to change the switches states. The digital control board is connected to
the driver. The driver reads the signals from the digital control board and sends the
required signals to the RF MEMS switches with Vctl1 and Vctl2 to operate at the low
band or at the high band. RF Ground (GND) is also connected to the antenna.
4.4 Frequency-reconfigurable Vivaldi antenna
As seen in the basic Vivaldi antenna previously presented, the quarter-wave stubs cause
the antenna to operate in a narrower band. This is the reason why in the basic Vivaldi
a circular stub and a radial stub are introduced. Nevertheless, to design a frequency-
reconfigurable Vivaldi antenna a narrower band compared to the basic Vivaldi antenna
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is required. This narrower band is achieved by the quarter-wave stubs introduced at the
beginning of this chapter.
4.4.1 Technical Analysis
In this new reconfigurable design, frequency reconfiguration is accomplished by RF
switches introduced in the stub of the feed line (Sw 1) and the slot line (Sw 2), as
shown in Figure 4.18. The positions of these switches determine the e↵ective length
of the slot and the stub based on the required operating frequency. The RF switches
control the current path while setting a maximum in the stub-to-slot intersection to
produce a higher operating band. To operate in the lower band, the switches allow the
current path to use the full length of the stub and the slot.
Figure 4.18: Geometry of the dual-band switched design with two RF switches,
indicating the lengths of the stub and the slot.
 g =
 0p
"eff
(4.5)
The e↵ective length of the stub and the slot follow equation 4.6, where  g is the guided
wavelength in the stub (approximated as in equation 4.5) and  0 is the free-space wave-
length that propagates through the slot at the centre frequency of the band. For the
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low-band mode the current path is using the full length of both the stub and the slot and
for the high-band mode the stub and the slot lengths are shortened at the RF switches
positions.
Lstub =
 g
4
Lslot =
3
4
·  0
(4.6)
To understand how the reconfiguration works the current distribution in the stub and
slot is analysed. The stub terminates with an open-circuit, which means the current is
zero at the end of the microstrip line. To get the maximum current propagated from
the stub to the slot, the current at the stub-to-slot intersection needs to be maximum.
Therefore, the distance between the end of the stub and the intersection to the slot
should be  /4 at the centre frequency of the band. This method maintains a well
matched stub-to-slot intersection only in a narrow frequency range.
The slot line terminates with a short circuit, which causes a maximum in the current
path at that point. Therefore, the distance to the stub-to-slot intersection should be
3/4 ·   to force a zero just above the intersection. As a consequence, the current is
propagated in phase to the aperture of the Vivaldi. For out-of-band frequencies, the
current is resonating in the stub or the slot, thus the antenna does not radiate as no
current is propagated to the exponentially tapered aperture.
Therefore, the procedure to design a frequency-reconfigurable Vivaldi antenna goes as
follows: the Vivaldi antenna is designed first for the required low band and then the
RF switches are introduced in the stub and slot at the calculated distances to enable a
high band. When calculating the length of the stub and slot and the position of the RF
switches, some bands can also be rejected by forcing a minimum of current propagated to
the slot. Taking this into account, a reconfigurable Vivaldi antenna with high isolation
can be designed by rejecting the operating high-band in low-band mode and vice versa.
Next, the current distribution for each mode of configuration is presented for a better
understanding of the operation. Figure 4.19 shows the current for the low-band mode.
In this mode the current uses the full length of the stub and the slot. Number 2 and
number 3 indicate the position of the RF switches in the antenna. When the antenna
is in in-band operation (left image) there is a maximum in the stub-to-slot intersection
and the current is propagating to the aperture of the Vivaldi antenna. But, when the
antenna is in out-of-band operation (right image) the small amount of current that is
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transmitted to the slot is resonating in the slot and is not propagating to the antenna
aperture, thus the antenna does not radiate.
Figure 4.19: Current distribution for low-band mode. Left image is in-band operation,
right image is out-band operation.
Figure 4.20 presents the current distribution for the high-band mode. In this case, the
RF switches force the current to have a shorter path so that the maximum coupling to
the slot happens at a higher frequency. The left image shows the antenna in in-band
operation and the right image shows the antenna in out-of-band operation, where the
current is resonating in the slot line instead of propagated to the antenna aperture.
These rejected bands in out-of-band operation contribute to the high isolation of this
reconfigurable design. Furthermore, the high-isolated bands can be tuned easily by
adjusting the lengths of the stub and slot line and the position of the RF switches.
4.4.2 Dual-band switched design
The dual-band switched Vivaldi design is produced on a single microwave substrate, as
shown in Figure 4.18. The bottom layer is composed of a slot inserted in an exponentially
tapered aperture, making the beamwidth stable from 1 GHz to 6 GHz. In the top layer,
Frequency-reconfigurable switched Vivaldi antennas 117
Figure 4.20: Current distribution for high-band mode. Left image is in-band opera-
tion, right image is out-band operation.
a microstrip line terminated with a stub is used to excite the antenna. The position
and length of the stub and the widths of the stub and slot have been optimised for
maximising signal coupling.
Two RF switches are introduced, one in the stub and one in the slot, as shown in
Figure 4.18. The frequency response of the switches has been analysed and considered
in the antenna simulation using CST Microwave Studio. The location of the switches
has been optimised for switching between a higher band and a lower band. The distance
to the stub-to-slot intersection is calculated as shown in equations 4.7, where  g,HB is
the guided wavelength in the stub and  0,HB is the free-space wavelength, at the centre
frequency of the high band (HB). LB indicates the low band. Table 4.2 describes the
operation of the RF switches for each mode.
Lstub,High band =
 g,HB
4
Lslot,High band =
3
4
·  0, HB
Lstub, Low band =
 g, LB
4
Lslot, Low band =
3
4
·  0, LB
(4.7)
Switch Low band High band
Stub switch Switch 1 ON OFF
Slot switch Switch 2 OFF ON
Table 4.2: Operation of the switches for low-band mode and high-band mode.
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4.4.3 Tri-band switched design
For the tri-band switched Vivaldi design two RF switches are introduced in the stub
and two more in the slot, four in total. These switches allow the antenna to operate in
three di↵erent operating bands: a low band, a mid band and a high band. The position
of these switches determine the e↵ective length of the stub and the slot, as shown in
equations 4.8, where HB indicates the high band, MB indicates the mid band and LB,
the low band. Figure 4.21 shows the geometry of the antenna with the four RF switches.
Table 4.3 presents the operation of the RF switches for each of the three bands.
Figure 4.21: Geometry of the tri-band switched design using four switches, indicating
the position in the stub and the slot.
Lstub,High band =
 g,HB
4
Lslot,High band =
3
4
·  0,HB
Lstub,Mid band =
 g,MB
4
Lslot,Mid band =
3
4
·  0,MB
Lstub, Low band =
 g,LB
4
Lslot, Low band =
3
4
·  0,LB
(4.8)
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Switch Low band Mid band High band
Stub Switch 1 ON ON OFF
Switches Switch 2 ON OFF OFF
Slot Switch 3 OFF OFF ON
Switches Switch 4 OFF ON OFF
Table 4.3: Operation of the switches for low-band mode, mid-band mode and high-
band mode.
4.4.4 Quad-band switched design
The quad-band switched Vivaldi design inserts three RF switches in the stub and three
RF switches in the slot. These switches allow the antenna to work in four di↵erent
frequency bands to cover all bands from 1.5 GHz up to 6 GHz: a low band, two mid
bands and a high band. The position of these switches determine the e↵ective length of
the stubs, as shown in equations 4.9, where HB indicates the high band, MB2 indicates
the highest mid band, MB1 indicates the lowest mid band and LB indicates the low
band. Figure 4.22 presents the geometry of the antenna with the RF switches. Table 4.4
displays the switch configuration for each band.
Figure 4.22: Geometry of the quad-band switched design using six switches and
indicating the position of the switches in the stub and the slot.
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Lstub,High band =
 g,HB
4
Lslot,High band =
3
4
·  0,HB
Lstub,Mid band2 =
 g,MB2
4
Lslot,Mid band2 =
3
4
·  0,MB2
Lstub,Mid band1 =
 g,MB1
4
Lslot,Mid band1 =
3
4
·  0,MB1
Lstub, Low band =
 g,LB
4
Lslot, Low band =
3
4
·  0,LB
(4.9)
Switch Low band Mid band 1 Mid band 2 High band
Stub Switch 1 ON ON ON OFF
Switch 2 ON ON OFF OFF
Switches Switch 3 ON OFF OFF OFF
Slot Switch 4 OFF OFF OFF ON
Switch 5 OFF OFF ON OFF
Switches Switch 6 OFF ON OFF OFF
Table 4.4: Switch configuration for the quad-band switched Vivaldi antenna.
4.5 Simulation results
Once the geometry of the three reconfigurable Vivaldi designs is presented, the obtained
CST simulation results are discussed.
4.5.1 Dual-band switched design
The simulated S11 parameter and realised gain for the dual-band switched Vivaldi an-
tenna are shown in Figure 4.23. The realised gain is calculated at (✓, ) = (90 ,   90 ),
which is the direction of the main lobe, perpendicular to the aperture. Red lines indicate
the low band and blue lines present the high band.
Analysing the results, the in-band gain for each band is stable and drops outside the
band, presenting high isolation between bands making it suitable for security applications
such as spectrum monitoring. The obtained operating bands and gain in each mode of
the antenna are presented in Table 4.5. High isolation between bands is achieved. In
low-band mode the isolation is up to 23 dB and in high-band mode the isolation goes
up to 28.5 dB.
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Figure 4.23: Simulated S11 parameter and realised gain of the dual-band switched
Vivaldi antenna.
Frequency range (centre) Bandwidth Gain
Low band 2.33-3.02 GHz (2.7 GHz) 0.69 GHz 10.00-11.78 dBi
High band 3.29-4.58 GHz (3.9 GHz) 1.29 GHz 11.32-13.65 dBi
Table 4.5: Simulated frequency and gain results for the dual-band switched Vivaldi
antenna.
Figure 4.24: Simulated E-plane radiation pattern (left) and H-plane radiation pattern
(right) of the dual-band switched Vivaldi antenna at 2.7 GHz for the low band and at
3.9 GHz for the high band.
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The normalised radiation patterns of the dual-band switched antenna are shown in
Figure 4.24. Half-Power Beamwidth (HPBW) of the E-plane is 33.9  for the low band
and 29.9  for the high band. HPBW of the H-plane for the low band is 52.3  and for the
high band 41.4 . Therefore, the radiation pattern for both bands is similar in E-plane
and H-plane, with the biggest di↵erence in the H-plane. This is because of the planar
design of the Vivaldi antenna.
4.5.2 Tri-band switched design
The simulated S11 parameter and gain for the tri-band switched design of the Vivaldi
antenna at di↵erent operating bands are shown in Figure 4.25. The realised in-band
gain is stable and drops rapidly in the immediate proximity of the edges of the operating
band. As the electrical size of the radiating aperture varies with operating frequency,
the maximum gain variation is 2.2 dB within a band. The gain tends to increase in
frequency with a linear trend. Table 4.6 summarises the obtained results on operating
bands and realised gain and Table 4.7 shows the HPBW for the E-plane and H-plane of
each band.
Figure 4.25: Simulated S11 parameter and realised gain of the tri-band reconfigurable
Vivaldi antenna for low-band, mid-band and high-band modes.
In Figure 4.26 the radiation pattern for the E-plane and H-plane are presented. The
direction of the main lobe is constant in all bands at (✓, ) = (90 ,   90 ). H-plane
HPBW is decreasing significantly, but it is stable in E-plane. Overall the radiation
pattern is maintained for all bands. There is a bigger di↵erence in the H-plane of this
design compared to the dual-band because the frequency bands are further apart.
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Frequency range (centre) Bandwidth Gain
Low band 1.5-2.25 GHz (1.88 GHz) 750 MHz 8.7-9.8 dBi
Mid band 3.4-4.0 GHz (3.7 GHz) 600 MHz 12.5-13.7 dBi
High band 4.8-5.25 GHz (5.03 GHz) 450 MHz 13.8-14.9 dBi
Table 4.6: Simulated frequency and gain results for the tri-band switched Vivaldi
antenna.
3 dB beamwidth
Centre freq. E-plane H-plane
Low band 2.0 GHz 63.6  77.5 
Mid band 3.75 GHz 28.3  41.2 
High band 5.2 GHz 25.1  22.6 
Table 4.7: Simulated radiation pattern results for the tri-band switched design.
Figure 4.26: Simulated E-plane radiation pattern (left) and H-plane radiation pattern
(right) of the tri-band design at 2 GHz for the low band, at 3.75 GHz for the mid band
and at 5.2 GHz for the high band.
4.5.3 Quad-band switched design
For the quad-band switched design, all frequencies from 1.5 GHz to 6 GHz are covered
divided in 4 bands. Figure 4.27 shows the S11 response on the left axis and the realised
gain in the direction of maximum radiation (✓, ) = (90 ,  90 ) on the right axis where
LB is low band, MB1 and MB2 are mid band 1 and mid band 2 respectively, and HB is
high band. The gain is stable within each band and drops outside the band, providing
high isolation between bands of up to 30 dB. It also tends to increase with frequency in a
linear trend. A good isolation between bands combined with wide operating bandwidth
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can be very useful for spectrum monitoring in case there is a jamming signal that needs
to be suppressed to be able to receive communications without saturating the receiver.
Table 4.8 summarises the results of frequency and realised gain obtained.
Figure 4.27: Simulated S11 parameter and realised gain of the quad-band switched
Vivaldi antenna.
Frequency range (centre) Bandwidth Gain
Low band 1.65-2.35 GHz (2 GHz) 700 MHz 8.5-10.0 dBi
Mid band 1 2.3-3.3 GHz (2.8 GHz) 1000 MHz 10.2-11.3 dBi
Mid band 2 3.4-4.4 GHz (3.9 GHz) 1000 MHz 11.2-13.2 dBi
High band 4.55-6.0 GHz (5.3 GHz) 1500 MHz 13.4-15.0 dBi
Table 4.8: Simulated frequency and gain results for the quad-band switched Vivaldi
antenna.
In Figure 4.28 the 3D radiation patterns of the four bands are presented. Direction
of the main lobe is maintained in all four bands. HPBW is stable in the E-plane and
decreases in frequency when looking at the H-plane, from 70  at the lowest frequency to
20  at the highest frequency. This is because the high frequencies are being a↵ected by
the big aperture needed for the radiation at the lowest frequency.
Figure 4.29 shows the polar plot of the radiation patterns for the E-plane on the left
image and H-plane on the right image. In the E-plane, the HPBW is 63  for the low
band and down to 28  for the high band and 32  for the mid bands. In the H-plane, the
low band HPBW is 70 , in the mid band 1 is 56 , in the mid band 2 is 41  and in the
high band is 25 . The direction of the main lobe is (✓, ) = (90 ,   90 ) in each band
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Figure 4.28: Radiation pattern of quad-band design at 2 GHz (Top-left), 3 GHz
(Top-right), 4 GHz (Bottom-left) and 5 GHz (Bottom-right).
and the HPBW has a big change only in the H-plane because of the planar antenna
design.
Figure 4.29: Simulated E-plane radiation patterns (left) and H-plane radiation pat-
terns (right) of the quad-band switched design at 2 GHz for the low band, at 2.8 GHz
for the mid band 1, at 3.9 GHz for the mid band 2 and at 5.3 GHz for the high band.
4.6 Measurements for design A: dual-band reconfigurable
Vivaldi antenna using RF-MEMS switches
Once good simulation results were achieved, a dual-band prototype was fabricated and
tested. The prototype was fabricated in the departmental workshop using a milling
machine. The milling machine removes the copper line by line, but the etching machine
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cannot be used as the antenna design is too big. Figure 4.30 and Figure 4.31 present
the fabricated prototype top layer and bottom layer respectively. RF-MEMS switches
are soldered manually. The datasheet requests a wire bonding machine to be used for
soldering, but this machine was inaccessible. This made soldering very di cult because
the pads of the switch are very small and the switch is ESD sensitive. Figure 4.32 and
Figure 4.33 show a zoom in the switch positions that were soldered manually to the
antenna. In the stub, two capacitors are required for the switch to operate properly.
Figure 4.30: Top layer connected to the Radant driver to control the switches of the
prototype for design A.
Figure 4.31: Bottom layer of the prototype for design A.
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Figure 4.32: Zoom in the microstrip line stub for prototype of design A.
Figure 4.33: Zoom in the slot switch for prototype of design A.
The antenna reflection coe cient results are shown in Figure 4.34. Solid lines are the
measured results and dashed lines are the simulated results for comparison. The mea-
surements di↵er from the simulation results in terms of bandwidth, operating frequencies
and level of matching. As reflection coe cient results did not present good matching,
gain was not measured for design A as results would be inconclusive.
The Radant RF-MEMS switches theoretically seemed to be a good candidate for recon-
figurable antennas, but in practice they proved to be very di cult to integrate in an
antenna design, lossy and the biasing was complicated. Furthermore, they demanded
a 90 V actuation voltage which requires an expensive driver circuit with high voltages
a↵ecting the antenna performance, making it not suitable for low-cost designs. In addi-
tion, they are ESD sensitive which made device handling di cult. Also the performance
of these switches degrades with time. They may present good parameters theoretically
but when applied to antennas they do not o↵er good results.
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Figure 4.34: Measured and simulated reflection coe cient for design A.
In the next section of this chapter a low insertion loss GaAs MMIC RF switch is consid-
ered for design B. Moreover, as the fabricated prototype of design A is bigger than an
A4 it had to be milled because it did not fit into the workshop’s etching machine. For
next design the Vivaldi antenna is adapted so that it can fit in the etching tank. The
etching technique provides higher resolution (up to 50 µm) for small parts and removes
the copper with higher accuracy compared to the milling technique.
4.7 Design B: dual-band reconfigurable Vivaldi antenna
using a GaAs MMIC switch
Since design A measurements did not agree well with simulation and the proposed RF-
MEMS switches are not suitable for manual soldering, a new design is proposed: a dual-
band reconfigurable Vivaldi antenna using a GaAs Monolithic Microwave Integrated
Circuit (MMIC) switch (Hittite HMC550AE [68]).
These switches are low cost, do not require a driver as their control voltage is 5 V and
are easy to solder as they are provided in a SOT26 SMT package. As discussed in the
literature review, the GaAs MMIC switches provide some advantages over the other
technologies for the purpose of this project, such as low insertion loss, fast switching,
low actuation voltage and low cost.
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Despite the limited isolation it is a good candidate for this project. The RF switches
used in this research project are Hittite HMC550AE SPST which operate from DC to
6 GHz [68].
In order to test the dual-band switched design of the Vivaldi antenna, first the design
is adapted to be fabricated in the departmental workshop for fast prototyping. The
design requirements of the HMC550AE are taken into account as well. Despite the
improvements on gain this design B does not implement the dielectric extension because
it has been optimised to the dimensions of the departmental workshop.
4.7.1 Antenna geometry
For design B the reconfiguration is performed using only one switch to simplify the
fabrication and measurement processes. The switch is introduced into the slot to control
the operating bands, as presented in Figure 4.35. Therefore, the length of the stub is the
same for both bands which needs to be a compromise between the 2 modes of operation.
This constraint can reduce the isolation between bands.
Figure 4.35: Bottom layer (left) and top layer (right) of CST model of design B.
The design parameters and their values are indicated in Table 4.9 and Figure 4.36. The
stub-to-slot intersection is highlighted in red in the Top Layer.
The requirements of the RF switch are first considered. For the switch biasing to operate
properly a cut is necessary to separate the RF ground plane from the DC ground plane.
Frequency-reconfigurable switched Vivaldi antennas 130
Figure 4.36: Bottom layer (left) and top layer (right) of design B.
Design parameters Dimensions (mm)
Lantenna 250.0
Wantenna 150.0
Lslot 60.0
Wslot 1.22
Posswitch 40.0
Lstub 7.98
Wstub 1.5
Posstub 15.8
Lcut 20.0
Wcut 0.2
Table 4.9: Design parameters for design B.
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This cut separates the antenna in two halves for proper biasing of the RF switch as the
DC ground and RF ground need to be separated, as shown in Figure 4.37.
Figure 4.37: Quarter-wave cut to separate the ground plane in design B.
The width of the gap or cut is 0.2 mm, significantly small compared to the wavelength
of the operating frequencies so that it does not a↵ect the operation of the antenna. The
length is a quarter-wavelength at the low frequency band, because that is when the end
of the slot is critical. Thus, as it is an open-circuit at the edge of the antenna by using
transmission line theory it can be determined it will operate as a short circuit at the end
of the slot. This is a quarter-wave transformer, consequently the operating frequencies
of the transformer are very narrow-band. Therefore, this needs to be taken into account
if the antenna low band and high band are widely separated. In this case, at some
frequencies the short circuit may appear as an open circuit and have current coupled
resonating.
Figure 4.38: Typical application circuit of the HMC550AE RF switch [68].
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Next, the layout to properly connect the HMC550AE RF switch to the antenna is
considered. A schematic of the HMC550AE switch from the datasheet is presented in
Figure 4.38. This switch requirements are: DC blocking capacitors for each RF port,
two ports connected to ground (GND), a control voltage and a supply voltage (Vdd)
of 5 V. The value of the capacitors determine the lowest frequency of operation. It is
calculated as in equation 4.10, where the reactance at the operating frequency should
be as low as possible [95]. For our application, a frequency of 1 GHz is low enough.
Therefore, if  c < 2 ⌦ is acceptable, a capacitance of C = 100 pF can be used.
 c =
1
2⇡f · C (4.10)
The implementation simulated in CST Microwave Studio is shown in Figure 4.39. The
blue elements represent the 100 pF DC blocking capacitors. The RF switch is superposed
on the image to show where the switch will be soldered. The RF ports are 1 and 3, where
the DC blocks are located. The pads are connected using vias that interconnect the pads
from this side to the wings on the other side of the Vivaldi antenna. These vias (shown
as circles in the figure) are located at the point which the slot is short-circuited when
operating in high-band mode. In CST a “S-parameter discrete port” can be introduced
between pins 1 and 3 to reproduce the measured switch modes. Then, the measured
S-parameters for ON and OFF modes are imported to run the simulation and get more
accurate results.
4.7.2 Simulation results
The simulation results are detailed and analysed next. First, the simulated operating
frequency and gain are presented. Second, the radiation patterns for the di↵erent op-
erating modes are displayed to show the direction of the main lobe and beamwidth are
maintained. Finally, the current distributions for the di↵erent modes are reported to
provide better understanding of each mode.
4.7.2.1 Operating frequency and gain
Figure 4.40 shows the simulated S11 and gain for design B. The S11 parameter for each
mode is represented in solid lines, where the low band is shown with red lines and the
blue lines represent the high band. The simulated gain at the direction of the main lobe
(✓, ) = (90 ,   90 ) is shown in dashed lines.
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Figure 4.39: Top layer of design B. Zoomed in at the RF switch layout to connect
the HMC550AE switch to the slot on the bottom layer.
Figure 4.40: Simulated S11 parameter and realised gain of design B.
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Analysing the results, in low-band mode there is a band at 3 GHz, and two other
bands at 4.7 GHz and 5.8 GHz. These higher bands appear because of the design being
well matched for this mode of operation too as the stub is not tuned in this design.
More components are required to suppress these higher bands, for example another RF
switch in the stub. As it is acceptable for the industry requirements of this project the
suppression will not be necessary. Therefore the low band is considered at 3 GHz.
In high-band mode, there is a band centered at 4.1 GHz. The in-band gain for each
band is stable and drops outside the band, which makes this design suitable for rejecting
jamming signals for example.
The isolation between bands is greater than 25 dB. As the higher rejection between
bands happens at 4.2 GHz, which is in-band in the high-band mode, this frequency
of operation is used in the high-band mode. The frequency bands and gain of each
configuration of the antenna are presented in Table 4.10.
Frequency range (centre) Gain Isolation
Low band 2.9-3.1 GHz (3.0 GHz) 8.8-9.1 dBi 26 dB
High band 3.8-4.4 GHz (4.1 GHz) 11.1-12.5 dBi 37.5 dB
Table 4.10: Simulated performance for design B.
Figure 4.41: 3D radiation pattern at 3 GHz (selected band) for low-band mode.
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Figure 4.42: 3D radiation pattern at 4.7 GHz (higher band) for low-band mode.
4.7.2.2 Radiation pattern
The antenna radiation patterns are analysed here for the di↵erent operation modes.
Figure 4.41 represents the simulated 3D radiation pattern at 3 GHz for low-band mode.
Realised gain is 8.83 dBi. The direction of maximum radiation is to the open end of the
Vivaldi antenna as expected. E-plane (blue circle) coincides with the XY plane. H-plane
(red circle) is orthogonal to E-plane and it includes the direction of maximum radiation,
so it coincides with ZY plane. HPBW on the E-plane is narrower than on the H-plane.
As explained before, this is because of the antenna planar geometry, where EM waves
are bound in E-plane between the tapered slot but not in the H-plane.
Figure 4.42 displays the radiation pattern at 4.7 GHz in low-band mode. As shown
in Figure 4.40 the antenna is well matched in this mode and presents high gain. The
E-plane starts to widen as the big aperture for lower frequencies a↵ects the radiation
pattern at higher frequencies.
Figure 4.43 represents the simulated 3D radiation pattern at 4.2 GHz for high-band
operation. Realised gain is 12.2 dBi. In this operating mode the beamwidths on both
planes are narrower compared to low-band mode at 3 GHz because the operating fre-
quency is higher. In both operation modes the antenna has high constant gain and the
direction of maximum radiation is stable.
To demonstrate the high isolation between bands, Figure 4.44 displays the 3D radiation
pattern in high-band mode (the RF switch is ON) at 3 GHz. As presented the gain
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Figure 4.43: 3D radiation pattern at 4.2 GHz for high-band mode.
is very low (-12.6 dBi maximum), but it is even lower in the broadside direction. It
is crucial to highlight the null in the direction of maximum radiation, that is to the
negatives Y axis in the figure. Later, the current distributions are analysed to show the
origin of this high isolation.
Figure 4.44: 3D radiation pattern at 3 GHz for high-band mode.
Figure 4.45 presents the radiation pattern at 4.7 GHz in high-band mode. This radia-
tion pattern is closely related to the radiation pattern in low-band mode as shown in
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Figure 4.45: 3D radiation pattern at 4.7 GHz for high-band mode.
Figure 4.42. Therefore, the antenna is well matched and operating properly for both
low-band and high-band modes at 4.7 GHz.
Furthermore, in Figure 4.46 the out-of-band operation of the low-band mode (RF switch
is OFF) is presented. Although there are some peaks in several directions, the radiation
pattern presents a null in the direction of the maximum radiation in this operation mode.
Therefore, a high isolation can be expected in this case too.
Figure 4.46: 3D radiation pattern at 4.2 GHz for low-band mode.
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The normalised polar plots of the radiation patterns for the dual-band antenna are
analysed next. Half-power beamwidth of the E-plane is 35.0  for the low band and 24.3 
for the high band. HPBW of the H-plane for the low band is 61.3  and for the high
band 44.2 , as summarised in Table 4.11. Therefore, the radiation pattern for both
bands is similar in E-plane and H-plane, with the biggest di↵erence in the H-plane. This
is because of the planar design of the Vivaldi antenna.
3 dB beamwidth
Frequency E-plane H-plane
Low band 3.0 GHz 35.0  61.3 
High band 4.2 GHz 24.3  44.2 
Table 4.11: Simulated HPBW for the di↵erent modes of design B.
In Figure 4.47 the polar plots of the normalised radiation patterns for the two modes are
presented. Green lines represent E-plane and H-plane for the low-band mode at 3 GHz
and red lines present E-plane and H-plane for the high-band mode at 4.2 GHz. These
are normalised considering the gain for these modes is di↵erent and the purpose of these
plots is to show the di↵erence in radiation pattern and HPBW for the di↵erent modes.
The radiation pattern are closely related, maintaining the direction of the main lobe.
Figure 4.48 presents the E-plane and H-plane polar plots comparing the di↵erent op-
erating modes (switch ON and OFF) at the frequency of 3 GHz. At the direction of
maximum radiation (-90  in the plots) there is more than 25.7 dB isolation in both
E-plane and H-plane. This is because of the current being confined in the stub and the
slot at the back of the antenna when operating in high-band mode.
Figure 4.49 presents the E-plane and H-plane polar plots comparing the di↵erent op-
erating modes (switch ON and OFF) at the frequency of 4.2 GHz. At the direction of
maximum radiation (-90  in the plots) there is 37.5 dB isolation in both E-plane and
H-plane. In this case the cut to separate the ground plane in the Vivaldi antenna is
contributing to the radiation, although the out-of-band operation is acceptable because
the out-of-band back lobe is still lower than the in-band back lobe.
4.7.2.3 Current distributions
The current distributions for di↵erent operating modes are analysed next. For low-band
mode, i.e. when the RF switch is OFF, the current is not short-circuited by the RF
switch but instead uses the full length of the slot. This way the current travels the
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(a) E-plane
(b) H-plane
Figure 4.47: Polar plot of E-plane and H-plane normalised radiation patterns for
low-band mode at 3 GHz (green line) and high-band mode at 4.2 GHz (red line) of
design B.
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(a) E-plane
(b) H-plane
Figure 4.48: Polar plot of E-plane and H-plane radiation patterns for low-band mode
(green line) and high-band mode (red line) at 3 GHz of design B .
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(a) E-plane
(b) H-plane
Figure 4.49: Polar plot of E-plane and H-plane radiation patterns for low-band mode
(green line) and high-band mode (red line) at 4.2 GHz of design B.
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maximum length of the reconfigurable slot. The antenna in low-band mode operates at
around 3 GHz, that is when the slot length is equal to 3/4 of the wavelength, as shown
in Figure 4.50. The current is well matched at the stub-to-slot intersection and thus, it
is propagated to the open end of the Vivaldi and then radiated.
Figure 4.50: Current distribution for low-band mode at 3 GHz of design B.
Figure 4.51: Current distribution for high-band mode at 3 GHz of design B.
When the RF switch is ON, that is in high-band mode, the current is short-circuited
at the switch. At 3 GHz the length of the slot is calculated so that the current does
not add in phase to propagate to the antenna open end. At that frequency the length
from the RF switch to the stub-to-slot intersection is half-wavelength. Therefore, in
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Figure 4.52: Current distribution for low-band mode at 4.7 GHz of design B.
Figure 4.53: Current distribution for high-band mode at 4.2 GHz of design B.
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Figure 4.51 all current is resonating in the stub and the slot. Consequently, no current
is propagated to the exponentially tapered end of the Vivaldi antenna.
Figure 4.52 displays the current distribution for low-band mode at 4.7 GHz. The antenna
radiates because most of the current is propagated to the open end of the antenna. Using
the current distribution helps understand the reason why the antenna is well matched
at 4.7 GHz in both low-band mode and high-band mode. The current is coupled to the
separation cut because the Lcut is equal to half-wavelength at 4.7 GHz regardless of the
state of the RF switch. This length combined with the slot length provides a null just
over the stub-to-slot intersection which couples all current in phase to the open end of
the antenna.
Figure 4.54: Current distribution for low-band mode at 4.2 GHz of design B.
In high-band mode the RF switch creates a short circuit at a specific point of the slot to
create a current maximum at that point. Although some current is passing through and
resonates at the end of the slot, it does not a↵ect the operation of the high-band mode.
Figure 4.53 presents the current distribution at 4.2 GHz in high-band mode. The new
e↵ective length of the slot is 3/4 of the wavelength at the high-band operating frequency.
Thus, most of the current is propagated to the exponentially tapered end of the Vivaldi
antenna and then radiated.
Finally, in low-band mode at 4.2 GHz the distance from the slot termination to the
intersection is calculated so that the current does not add in phase to propagate to the
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antenna tapered end. Thus, there is no current radiating from the exponentially tapered
end of the Vivaldi antenna, as shown in Figure 4.54.
4.8 Antenna verification
When good simulation results are obtained a prototype is fabricated to be tested. This
section explains the prototype that was built to test design B with the measurement
procedure and verified with measured results.
The dual-band prototype had to be modified to overcome the limitations in the work-
shop. Design A was bigger than an A4 sheet of paper, which is the maximum size that
can be used for the etching machine. Therefore, a smaller dual-band switched antenna
was designed, called design B, and simulated, although its performance is degraded
compared to the original design. Pictures of the top and bottom layers of the proto-
type constructed are shown in Figure 4.55. The small board on the top-right corner
is connected to the RF switch in the top layer to change the operating band of the
antenna. This board can easily be replaced for a microcontroller that reconfigures the
bands automatically to suit cognitive radio applications for example.
Figure 4.56 presents a block diagram of the experiment setup for Design B with a GaAs
MMIC switch and a digital control board to operate the switch. The digital control
board supply voltage is 5 V. The user can change the operating mode between low band
and high band using this board. Three cables are connected to the switch: Vctl (the
control voltage) in blue, Vdd (the supplied voltage) in green and GND (DC ground) in
yellow, as shown in the figure.
4.8.1 RF switch measurements
Initially, the S-parameters of the RF switch given by the manufacturer are imported
into CST Microwave Studio. Next, to verify the data from the manufacturer datasheet
an experiment is set up to measure the S-parameters of the HMC550AE switch. Before
beginning any other tests, a control board was designed to measure the real S-parameters
of the RF switch using a VNA. Figure 4.57 shows a picture of the setup with an Agilent
E5071C VNA. The blue cable (Vctl), orange cable (Vdd) and black cable (GND) are
connected to the control board to change the state of the RF switch. A picture of the
control board is shown in Figure 4.58. To control the RF switch a slide switch connects
the output either to ground or to Vdd. This board also gives the switch the control
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(a) Bottom layer
(b) Top layer
Figure 4.55: Prototype fabricated for design B.
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Figure 4.56: Experiment setup for Design B.
voltage it needs to operate. When the LOW mode is selected, the RF switch is OFF
and when HIGH mode is selected, the switch changes its state to ON.
The S-parameters measured are presented in Figure 4.59 for the ON mode and in Fig-
ure 4.60 for the OFF mode. They were slightly di↵erent from the manufacturer pa-
rameters, specially above 4 GHz. As the reconfigurable design would be considerably
a↵ected, these measured parameters were imported into CST and the antenna design
was consequently adapted.
4.8.2 Measurement procedure
In this section, the techniques used to measure the operating bands, gain and radiation
patterns of the antenna are described. The measurements was performed in an ane-
choic chamber at University College London. The setup in the chamber is shown in
Figure 4.61, with the antenna under test (AUT) on the left hand side of the picture and
the rotating structure with the source antenna on the right.
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Figure 4.57: Measurement of the S-parameters for the RF switch HMC550AE.
Figure 4.58: Control board of the RF switch.
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Figure 4.59: Measured S-parameters for HMC550AE switch in ON mode.
Figure 4.60: Measured S-parameters for HMC550AE switch in OFF mode.
The procedure consists of transmitting using a known source antenna to the AUT which
is located at a specific distance. Ideally, only one direct signal path should exist be-
tween the source antenna and the AUT. To ensure best results this procedure can be
done in a low-reflection environment like an anechoic chamber or in a suitable outdoor
environment, since there will be a better approximation to a plane wave.
Another factor to take into account in an antenna measurement is the measurement in
near-field or far-field. The conventional setup for most applications requires the antenna
to be in far-field, which o↵ers several advantages [96]:
• The measured field pattern is valid for any distance within the far-field region.
• The result is not sensitive to the changes in the location of the phase of the
antennas.
• Coupling and multiple reflections between antennas are reduced.
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Figure 4.61: Measuring the prototype of design B in the anechoic chamber.
Considering equation 2.3 the minimum distance at which the source and AUT antennas
can be placed is calculated. The dimension of the aperture of the antenna is 0.15 m.
Therefore to satisfy the far-field conditions, the distance between antennas needs to be
a minimum of 0.3 m at 2 GHz and 0.9 m at 6 GHz as shown in equations 4.11 – 4.13.
Since the transmitting antenna and the receiving antenna in the anechoic chamber are
separated by more than 2 m this requirement is satisfied for all operating bands.
R   2(0.15)
2
 
(4.11)
R(at 2 GHz)   2(0.15)
2
0.15
= 0.3 m (4.12)
R(at 6 GHz)   2(0.15)
2
0.05
= 0.9 m (4.13)
Several antenna characteristics are measured: reflection coe cient, realised gain at the
direction of the main lobe against frequency and radiation patterns at the frequencies
of interest.
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The source antenna used is the QH-800 Satimo quad-ridge antenna which operates from
800 MHz to 12 GHz. It can be excited either vertically or horizontally to measure
E-plane, H-plane and cross-polarisation as well. The realised gain from the antenna
datasheet increases with frequency from 7.8 dBi at 2 GHz up to 12.5 dBi at 6 GHz.
To measure the reflection coe cient, a R&S ZNB40 Vector Network Analyzer is used.
The AUT is set up with a support that holds the antenna straight and aligned with the
source antenna and attaches it to the turntable from the mounting structure as shown in
Figure 4.62. The turntable rotates to situate the AUT in vertical or horizontal positions
to measure both E-plane and H-plane. The mounting structure turns to measure the
radiation pattern from -90  to +90  in azimuth. Before the measurement, a 1-port
open-short-match (OSM) standard calibration is performed at the receiving port using
85033D calibration kit, which is required for the reflection coe cient measurement. The
S11 parameter is measured to verify the proper antenna operation as calculated by the
simulation and will be analysed later in this chapter.
Figure 4.62: The AUT with the switch-controlling board in the turntable of the
anechoic chamber.
The source antenna and AUT need to be aligned properly before commencing any mea-
surements. This includes the main lobe peaks aligned with the line of measurement but
also it is critical that the polarisation of the two antennas is aligned as well.
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The radiation pattern is measured in 2D patterns at the frequencies of interest. A 3D
pattern is not feasible to produce because of the limitations in the turning table and
mounting structure in the chamber. Radiation pattern was measured from -90  to +90 
at 1 degree increment in azimuth. However the back lobe cannot be measured in the
setup of this anechoic chamber, because of the metallic structure of the turntable where
the AUT was mounted. The mount rotates in azimuth in a forward direction and the
data is recorded in a computer.
For the gain measurement a comparison method is used. First, a reference measurement
with a known reference antenna is set. The reference antenna used is SH-800 Satimo
dual ridge horn. Ideally it should be the same model as the source antenna, but this
is the closest one available in the chamber at the time. This reference antenna also
operates from 800 MHz to 12 GHz and it delivers stable gain across the operating band.
The boresight gain from the datasheet of the SH-800 goes from 11 dBi at 2 GHz up to
12.5 dBi at 6 GHz.
Pout1 = Pin +Gsource +Gref   Pathloss (4.14)
Pout2 = Pin +Gsource +GAUT   Pathloss (4.15)
Pout1   Pout2 = Gref  GAUT (4.16)
Firstly, the received power at the reference antenna (SH-800) is recorded following Friis
transmission principle in dB. Equation 4.14 presents the received power for the first
experiment where Pout1 is the received power of experiment 1, Pin is the input power
of experiment 1 and 2, Gsource is the gain of the source antenna, Gref is the gain of
the reference antenna and Pathloss are the losses because of ground reflections and
multipath in the measurement environment. Then, the reference antenna is replaced
by the AUT and the received power recorded again as in equation 4.15, where Pout2
is the received power of experiment 2 and GAUT is the gain of the AUT. The other
parameters remain the same. Finally, using the already known antenna gain of the
reference antenna, equation 4.15 is subtracted from equation 4.14 and equation 4.16
obtained. The measured gain of the AUT can be determined by isolating GAUT on that
equation.
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4.8.3 Measured reflection coe cient and gain results for design B
The prototype operates at two di↵erent bands, when switched between the two operating
modes using the control board. Table 4.12 summarises the characteristics of the two
bands. As expected from the simulation results, in low-band mode the antenna operates
simultaneously in two bands: at 3.1 GHz and at 4.7 GHz. In high-band mode it operates
at 4.2 GHz. A rejection between bands of 20 dB in the low-band mode at 3.1 GHz and
of 15 dB in the high-band mode can be achieved. For the band at 4.7 GHz in low-band
mode the isolation is not as high because another switch is required in the stub to reject
these frequencies.
Centre frequency Bandwidth Gain Isolation
Low Band 3.06 GHz 0.2 GHz 10.5 dBi 20 dB
High Band 4.19 GHz 0.7 GHz 12 dBi 15 dB
Table 4.12: Measured results for design B.
4.8.4 Comparison test and simulation results
Figure 4.63 shows a comparison between measured (solid lines) and simulated (dashed
lines) reflection coe cient. The low band is displayed in red and the high band is
displayed in blue. The measured results are in good agreement with the simulated
results, although there are some discrepancies at higher frequencies which can be because
of parasitic elements of the components, the limitations of the anechoic chamber and
fabrication tolerances.
The measured gain is compared to the simulated gain in Figure 4.64. The maximum
gain is stable inside the band and the measured rejected bands are close to the simulated
bands. The measured rejected frequency in the low band mode at 4.1 GHz is 17 dB
higher compared to the simulated result. This can be because of poor switch isolation
between ON and OFF states. The in-band gain in high-band mode is up to 1.5 dB lower
than the simulated gain, although at 4.1 GHz the measured gain is the highest achieved
and it is similar as the simulated gain: 12 dBi.
Figure 4.65 compares the measured and simulated radiation patterns for E-plane (4.65a)
and H-plane (4.65b) in the low-band mode. Figure 4.66 compares the measured and sim-
ulated radiation patterns for E-plane (4.66a) and H-plane (4.66b) in the high-band mode.
In both modes measured results agree with simulated results. The biggest di↵erence is
found in the H-plane when measuring close to 0  and 180 . In high-band mode the side
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Figure 4.63: Measured (solid lines) and simulated (dashed lines) S11 for design B.
Figure 4.64: Measured (solid lines) and simulated (dashed lines) gain for design B.
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(a) E-plane
(b) H-plane
Figure 4.65: Measured (red solid line) and simulated (blue dashed line) E-plane and
H-plane radiation pattern for low-band mode of design B.
lobes at these angles are 5 dB higher. This can be because of the switch-control board,
as it was located behind the antenna and could be a↵ecting the radiation pattern when
driving the RF switch in ON state.
4.9 Analytical modelling for antenna parameters
For better understanding of how these reconfigurable antennas operate and to generalise
the concepts used for designs A and B, a method to calculate the design parameters
using a series of formulae in terms of frequency (in GHz) is proposed here. To extract
these formulae both transmission line theory and empirical experience are applied. The
obtained formulae are presented in equation 4.17, equation 4.18 and equation 4.19, based
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(a) E-plane
(b) H-plane
Figure 4.66: Measured (red solid line) and simulated (blue dashed line) E-plane and
H-plane radiation pattern for the high-band mode of design B.
on the design parameters shown in Figure 4.67 and Figure 4.68. This method assumes
a basic Vivaldi antenna is already designed and it covers the whole operating frequency
bands of interest.
Slot length (Lslot) =
0.75
4 · f(GHz) (4.17)
Stub length (Lstub) =
0.15
4 · f(GHz) (4.18)
Stub position (Posstub) =
0.25
4 · f(GHz) (4.19)
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Figure 4.67: Top view of the reconfigurable Vivaldi antenna with design parameters.
The slot length depends on the wavelength that propagates in the slot line of the antenna,
which is close to the free-space wavelength. For the antenna to be well match at a
specific frequency the slot needs to be three-quarters of the wavelength at the operating
frequency. Thus, the current will be added in phase at the stub-to-slot intersection and
then propagated to the open end of the Vivaldi antenna.
The stub length depends on the guided wavelength ( g =  0/
p
"r) that propagates in
the stub or the feedline of the antenna. For the antenna to be match at a specific
frequency the stub needs to be a quarter of the guided wavelength at the operating
frequency. Thus, the current will be added in phase at the stub-to-slot intersection and
later propagated to the open end of the Vivaldi antenna.
The stub position depends on the wavelength that propagates in the slot line. The best
match is when the position of the stub is at a quarter-wavelength to the beginning of
the tapering at the operating frequency.
These formulae are used to calculate the low-band mode and the high-band mode. In
high-band mode, the results are used to determine the slot RF-switch position. For
the stub position and length a trade-o↵ must be made between the low-band and the
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Figure 4.68: Bottom view of the reconfigurable Vivaldi antenna with design param-
eters.
high-band modes. In Appendix B the relation between Lslot against frequency, Lstub
against frequency and Posstub against frequency is presented in Figures B.2 – B.4.
These formulae are used to calculate the design of di↵erent Vivaldi antennas which
operate at these given frequencies: 2 GHz, 3 GHz, 4 GHz and 5 GHz. Figure 4.69
presents the simulated results for the S11 parameter of each band. The results show
good agreement with the given calculated operating frequency, although as the frequency
increases the bandwidth increases as well. This is because of the stub length of the design
being matched at higher frequencies.
The rejected or blocked frequencies can also be calculated depending on the length
of the slot and the stub for each design. When the slot length is equal to a half-
wavelength (see Figure 4.70a), a full-wavelength (see Figure 4.70b) or multiples of these
(see Figure 4.70c) for a particular frequency the resulting gain of the Vivaldi drops, as
all current is resonating in the slot. Half-wavelength and full-wavelength in the slot are
two of the first rejected frequencies, as presented in equation 4.20 and equation 4.21.
The stub length also determines rejected frequencies, as shown in equation 4.22 and
equation 4.23. This occurs when the stub is a multiple of the guided half-wavelength (see
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Figure 4.69: S11 parameter for the di↵erent operating bands of the reconfigurable
Vivaldi antenna.
Figure 4.70d). A reconfigurable Vivaldi antenna can be designed using equations 4.17 –
4.23 to operate at the desired frequencies and reject the other bands so as to have higher
isolation. One can also use these equations to design a Vivaldi antenna that rejects
specific undesired frequencies.
Rejected frequency 1 (in GHz) =
0.26
2 · Lslot (4.20)
Rejected frequency 2 (in GHz) =
0.26
Lslot
(4.21)
Rejected frequency 3 (in GHz) =
0.157
2 · Lstub (4.22)
Rejected frequency 4 (in GHz) =
0.157
Lstub
(4.23)
Figure 4.71 represents the gain in the direction of maximum radiation for each band:
2 GHz in red, 3 GHz in green, 4 GHz in blue and 5 GHz in orange. For each band
there are several drops in gain, the frequencies of this drops can be calculated using
equations 4.20 – 4.23, with a minimum accuracy of 96.6 % compared to the simulated
results.
The technical analysis presented here, demonstrates a reproducible method to calculate
the dimensions of a reconfigurable Vivaldi antenna. It can be used to determine the slot
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(a) Slot length is equal to half-
wavelength.
(b) Slot length is equal to 1 wave-
length.
(c) Slot length is equal to 2 wave-
lengths.
(d) Stub length is equal to half-
wavelength.
Figure 4.70: Current distributions for di↵erent rejected frequencies in the reconfig-
urable Vivaldi antenna design.
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Figure 4.71: Realised gain for the di↵erent operating bands of the reconfigurable
Vivaldi antenna.
length, stub length and stub position for the low-band mode and the RF-switch position
in the slot and the stub in high-band mode. These RF switches can be introduced at
any point of the slot or the stub and so the desired operating band inside the frequency
range of the Vivaldi can be obtained.
4.10 A reconfigurable antenna versus a combination of an-
tenna and filter system
As the necessity of a reconfigurable antenna design can be challenged arguing that an
antenna + filter system can be implemented instead, this section addresses the require-
ments of such a filter that is able to achieve similar parameters as a reconfigurable
antenna.
First, a non-tunable RLC filter is designed in CST MWS. Obtained results are anal-
ysed, but since ideal components are used, a commercially available non-tunable filter is
proposed next. The specifications of tunable filters are not widely available as they are
usually designed for specific requirements of each project. Therefore, in this section only
non-tunable filters are compared. To fully compare an antenna + filter system with the
reconfigurable Vivaldi antennas proposed in this research project a tunable filter would
need to be designed and this is out of the scope of this project.
An RLC band-pass filter is designed in CST to operate at 3.3 GHz with 500 MHz
bandwidth. Figure 4.72 presents the model. RLC filters are the simplest resonator
structure, consisting of parallel or series inductors and capacitors.
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Figure 4.72: RLC band-pass filter of order 3 generated using CST MWS.
The designed filter is connected to the input port of the basic Vivaldi antenna and
the combined frequency response is shown in Figure 4.73. In red, the Vivaldi antenna
presents a wideband from 1 GHz up to 5.6 GHz. When the filter is applied, the band-
width presents two bands: band 1 at 3 GHz and band 2 from 3.4 GHz up to 4 GHz as
the green line shows. Other bands are rejected by the filter. Figure 4.74 presents the
realised gain comparing the Vivaldi antenna (in red) and the Vivaldi antenna + RLC
system (in green). The realised gain of the filter system is close to the realised gain of
the basic Vivaldi antenna. At 3.3 GHz the gain is 0.4 dB lower. As frequencies outside
the band are rejected by the filter, the out-of-band gain drops rapidly.
Figure 4.73: Simulated reflection coe cient for a Vivaldi + RLC filter system.
The main advantage of this design is its compactness, but it has poor performance.
The lumped-element RLC filter in CST is designed using ideal capacitors and inductors.
When operating at high frequencies, from 600 MHz, the inductor values become too
small to be practical. For example, an inductor of 1 nH at 600 MHz is not even one
full turn of wire. A distributed filter, usually used at the microwave band to overcome
the issues aroused from the lumped-element RLC filter, o↵ers a better compromise in
terms of size and performance. The main drawbacks are the large space required to
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Figure 4.74: Simulated gain for a Vivaldi + RLC filter system.
implement the filter and, for a band-pass filter, the multiple band-pass replicas of the
lumped-element filter because of the harmonics.
In practice a commercially available band-pass filter would be used. After a market
research, the Dilabs B033ND5S band-pass filter is a reasonable choice as it operates at
3.3 GHz with 400 MHz bandwidth and it provides a small solution to be integrated with
a portable system as it is designed with high-relative permittivity materials to reduce
the overall size of the filter [97]. Table 4.13 presents a summary of this commercially
available band-pass filter. The Dielectric Laboratories B033ND5S is available at a price
of £206 per unit. The manufacturer also provides the S-parameters files which are
introduced in CST MWS for simulation.
Parameter Value
Operating band 3.1 to 3.5 GHz
Insertion loss 2.5 dB
Out-of-band attenuation 25 dB
Size 9.98 x 8.97 x 3.5 mm
Table 4.13: Dielectric Laboratories B033ND5S band-pass filter characteristics [97].
The filter frequency response using the manufacturer touchstone files is shown in Fig-
ure 4.75. The matching of the filter system is not as good as the matching of the basic
Vivaldi antenna. The simulated realised gain is presented in Figure 4.76. At the oper-
ating frequency (3.3 GHz) the basic Vivaldi antenna has 1.9 dB higher gain compared
to the antenna + filter system. This is because of the high insertion loss the filter
introduces.
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Furthermore, the filter system may require a matching circuit to match the antenna
input port impedance. In the simulated model no matching was performed.
Figure 4.75: Simulated reflection coe cient for a Vivaldi + B033ND5S filter system.
Figure 4.76: Simulated gain for a Vivaldi + B033ND5S filter system.
Another important issue to point out is that the filter model used in these simulations is
fixed and non-reconfigurable. To have the same adaptability as a reconfigurable antenna
in an antenna + filter system a reconfigurable filter is needed which will increase the
cost, complexity, power consumption and occupied space of the design. Furthermore,
a reconfigurable filter may not have the ideal performance as shown in the simulated
results and it may degrade significantly the gain and even introduce undesirable bands
to the design.
A frequency reconfigurable Vivaldi antenna can be electronically controlled to change
the operating band without degrading the antenna performance or without the need of
a bulky reconfigurable filter. Furthermore, frequency reconfigurable antennas can relax
the filter requirements or even suppress the need of a filter [98].
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In conclusion, introducing a filter may be a solution for some applications but for most
portable devices with requirements on low cost, low power consumption and low com-
plexity and restricted space a reconfigurable antenna may be a better answer.
4.11 Conclusion
A novel method for frequency reconfigurable antenna design was presented in this chap-
ter. This low-cost method based its design in a directional wideband antenna, such as
a Vivaldi antenna, because it can provide stable radiation pattern in all its bands. RF
switches are introduced into the frequency-tuning stubs to reconfigure the band matched
in the feed line of the Vivaldi antenna. These RF switches adjust the current path, thus
tuning the operating frequencies the antenna become well matched.
First, a basic Vivaldi antenna was designed in CST operating from 900 MHz to 5.6 GHz.
This antenna was optimised with a substrate extension which contributes to a 2 dB gain
increase in the whole band.
The reconfiguration using RF switches was studied next. Several designs provide two,
three and four reconfigurable frequency bands. Stable high gain was achieved, between
10 dBi and 14 dBi, with a maximum di↵erence of 2 dB inside each band. The gain
dropped rapidly outside the band and each band provided up to 30 dB of rejection
to the closest band, which can be advantageous for spectrum surveillance. A good
isolation between bands combined with wide bandwidth can be very useful for spectrum
monitoring in case there is a jamming signal that needs to be suppressed to be able to
receive communications without saturating the receiver. The position of the switches in
the slot and the stub can be modified to adjust the operating bands. All the proposed
designs accomplished in-band stable high gain and several rejected frequencies which
can be adjusted to block certain bands.
Design A was proposed using Radant RMSW100 RF-MEMS switches. These switches
present low insertion loss, good isolation and low bias current while operating up to
12 GHz. They require a driver to operate because the actuation voltage of the switches
is 90 V. The fabricated prototype presented several challenges. The fabrication in the
departmental workshop was performed using a milling machine which removed some of
the dielectric substrate when removing the copper in some sections. The etching ma-
chine could not be used because the antenna needs to fit in an A4. This was taken
into account for the following designs. Another challenge was the RF-MEMS switches
integration in the antenna. This was made by manually soldering the switches although
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a wire bonding machine was required to do the job which was unavailable. Furthermore,
these switches are ESD sensitive, making the task even more complicated. The mea-
sured results for design A were not satisfactory. Several discrepancies appeared for the
reflection coe cient and the gain was not measured as the results would be inconclusive.
The Radant RMSW100 RF-MEMS switches seemed a good candidate for reconfigurable
antennas but they were very di cult to integrate in the design, the biasing demanded
an expensive driver with driving voltages a↵ecting the antenna performance. All these
reasons proved these RF-MEMS switches were not suitable for the security applications
of this project.
A low insertion loss GaAs MMIC RF switch was considered for design B. HMC550AE
RF switches are low cost, do not require a driver and are easily integrated in the design
as they are provided in a SOT26 SMT package. Surface mounted HMC550AE RF
switches were used to reconfigure the current paths in the antenna. Yet they have some
drawbacks, for example, poor isolation. For this design one RF switch was used for
reconfiguration to simplify the fabrication and measurement process. First, a cut was
introduced to separate the RF ground plane from the DC ground plane to properly bias
the RF switch. This cut separates the two wings of the antenna. The antenna was
designed to have two bands with high isolation, although only one switch was used.
Even with only one RF switch in the design, the isolation between bands was more than
25 dB. The antenna high isolation can relax the requirements of the filter in the receiver
or even suppress the need for a filter.
The measured results of design B showed good agreement with the simulated results,
both for reflection coe cient and gain. Good isolation for the low band in high-band
mode was obtained but in the low-band mode the high-band isolation di↵ers by more
than 10 dB compared to simulation. It can be caused by fabrication inaccuracies, the
coupling of the bias lines to the control board, measurement misalignment or other
limitations in the setting of the university anechoic chamber.
Moreover, a model for the technical analysis of the reconfigurable Vivaldi antenna was
introduced. A reproducible method was proposed to calculate the dimensions and switch
positions of a reconfigurable Vivaldi antenna. It can be used to determine the slot
length, stub length and stub position for a low-band mode and to calculate the RF-
switch positions in the slot and the stub for other higher bands. These RF switches can
be introduced at any point of the slot or the stub and so the desired operating band
inside the frequency range of the Vivaldi can be obtained. The model also calculates
the rejected frequencies of each band with a minimum accuracy of 96.6 % compared to
simulation.
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Finally, as the need of a reconfigurable antenna can be challenged arguing that a system
including an antenna plus a filter is more viable a comparison study was performed. Two
filters are proposed: an RLC filter because of its simplicity and a commercially available
filter (Dilabs B033ND5S). The RLC filter is not feasible for frequencies over 600 MHz
as the capacitors and inductors are too small to be practical. The Dilabs filter achieves
similar bandwidth but with 2 dB lower gain. The main drawback was that this filter
was fixed and was not tunable. A tunable filter will increase the cost, complexity, power
consumption while degrading significantly the gain and even introducing undesirable
bands. Depending on the application requirements a reconfigurable antenna may present
preferable characteristics because of its low cost, low power consumption, low complexity
and small space used.
In conclusion, although design B presented satisfactory measured results, it is not a
highly flexible design as the technology used does not allow continuous frequency tuning.
Furthermore, the RF switches introduced losses, added an extra cost to the system and
were not easily integrated in a design with the required bias lines. Consequently, as the
RF switches are problematic for low-cost and compact-size designs, new technologies
will be studied for frequency reconfigurable antennas in the next chapter.
Chapter 5
Reconfigurable antennas using
ionised solutions
5.1 Introduction
Frequency reconfigurable antennas using RF switches can only provide limited capabil-
ity in frequency tuning. Most of the RF switches are lossy and biasing circuits could be
complicated and a↵ect antenna performance significantly, as discussed in section 3.1.1.1,
while only achieving discrete tuning. Fluid antennas have no defined shape; therefore
theoretically it is possible to create the desirable shape of a fluid antenna for di↵erent
frequency bands. Continuous tuning can easily be achieved by fluid antennas. Fluid
antennas using an ionised solution, such as KCl solution, could be lossy, and the con-
tainers of fluid must be leak-free but they can provide highly dynamic low-cost results.
Therefore, creative designs are required. Stereolithography (SLA) based 3D printing
technology can support creative designs to solve the problem of encasing the fluid and
attaching it to an antenna.
In this chapter an ionised solution monopole is considered as an initial design to study
the application of ionised solution in antennas. Additionally, further methods for band-
tuning in a Vivaldi antenna are studied.
As explained in the conclusion of Chapter 4, RF switches introduce undesirable losses for
a high gain antenna design and reconfiguration is limited by bias lines for the applications
of this project. Moreover, the use of capacitors, varactor diodes or RF switches for
antenna frequency tuning relies on some parts of the antenna resonating at certain
frequencies which may deteriorate the overall performance of the antenna. Introducing
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fluid control methods can be beneficial because of their durability, ease to conform
into desired shapes, reduced biasing e↵ects and high-power handling capability when
compared to other RF switches technology [99].
Therefore, the first part of this chapter focuses on a new approach for reconfigurable an-
tennas that can give us satisfactory results, which are fluid antennas. New developments
show that fluid antennas have radiation e ciencies close to solid conductor antennas,
up to 90 % [78]. A seawater antenna can be treated as a normal conducting antenna
when the conductivity value is over 102 S/m since antenna e ciency is well over 80 %, as
reported in [88]. Some of the advantages that fluid antennas provide are more flexibility
when changing the shape of the antenna, no bias lines that will a↵ect radiation and the
use of flexible casing materials without cracking.
State-of-the-art designs on fluid antennas were presented in the literature review. Gen-
erally they use an expensive liquid conductor material, such as Galinstan [81] or EGaIn
[80], because these materials provide high conductivity and e ciency. However a low-
cost system requires a low-cost material. Liquid conductors such as mercury are toxic
and its high surface energy tends to minimise surface area which prevents it from form-
ing mechanically stable structures [78, 100]. Seawater is a cheap alternative, eco-friendly
and easy to get, but it can evaporate and the conductivity is relatively low compared
to other liquid conductors. Ionised solutions such as NaCl and KCl, have higher con-
ductivity compared to seawater and are cheap and easy to produce. The aim of the
first part of this chapter is to unveil the potential of fluid antennas and then propose a
hybrid design for a high-gain reconfigurable antenna.
The second part of this chapter focuses on the insertion of liquid-controlled parts into
the reconfigurable Vivaldi antenna. As shown in the previous chapter, RF switches can
be introduced at di↵erent points of the slot changing the operating frequency of the
high band. The same can be implemented using ionised solutions to short-circuit a
point of the slot. Introducing a conductive ionised solution reconfiguration instead of
RF switches in the Vivaldi design proposed in the previous chapter can be a significant
improvement in maintaining high performance while providing continuous tuning within
a band.
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5.2 Fluid antennas
5.2.1 Introduction to fluid antennas
Fluid antennas can be categorised as dielectric resonator antenna (DRA), because of its
low-loss microwave dielectric constant. Their resonant frequencies are predominantly
a function of size, shape, material and permittivity [101]. Di↵erent materials within a
wide range of permittivity can be used to fabricate DRA, thus di↵erent sizes can be
employed for the same frequency. As a special type of DRA, fluid antennas have some
advantages compared to conventional copper antennas [102, 103]:
• Fluid antennas can be reversibly deformed. The casing defines the mechanical
properties of the antenna so that the fluid metal flows inside it. When an elastomer
casing is used the fluid can adapt to ensure electrical continuity.
• Fluid antennas adopt the mechanical properties of the encasing material.
• These antennas provide flexibility to the design because they are mechanically
tunable and sensitive to strain.
• Fluid antennas are durable.
• These antennas are easily conformed into the desired shape.
• The ionised solution can form a contact at room temperature without the need of
soldering.
• These antennas can self-heal in response to sharp cuts or cracks.
• The antenna can have small RCS by draining the liquid when not in use for radar
or warfare applications.
• The fabrication of the antenna is simple by soft lithography [80, 104].
Furthermore, fluid antennas can be used for medical applications. Portable systems
for continuous health monitoring must be wearable, soft, compact, bio-compatible and
reliable. Bio-sensors that need to be placed in di↵erent parts of the body and then con-
nected using wires su↵er from limited performance and usability. Furthermore, current
systems that provide wireless connectivity are not designed for continuously transmit-
ting other than to a portable unit worn by the individual and are subject to inaccuracy
of GPS indoors [79]. Ionised solutions or liquid conductors are a good alternative for
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health monitoring devices as they can overcome limited performance of solid metals in
contact with human tissue [105]. Moreover, the use of a flexible plastic casing makes the
antenna corrosion-resistant as well as comfortable to wear for real-time bio-monitoring.
Other suitable applications are found in security applications because of the stealth
capability of the liquid when not in use. For example, in [106] seawater is radiating under
controlled electric and magnetic fields. These fields ionise water so that water molecules
oscillate and contribute to radiating energy. This is suitable for stealth capability in
security applications as it only radiates in excited state, but also for monitoring health
in biomedical applications because of its flexible properties and radiation capability when
in contact with human tissue.
5.2.2 New concept: Antennas-on-demand
Recently, a new technology for touchable keyboards has been developed that can be of
interest for this research project. In [107] a deformable physical tactile layer that when
triggered creates buttons or shapes of a specific size is proposed. An elastomer is used on
the topmost part of the multi-layer stacks to allow deformation. Several micro channels
feed a transparent liquid into the elastomer layer to create buttons. This enables an
array of physical buttons to rise out of the surface of the display.
Figure 5.1: Deformable fluid button when activated [107].
The deformable button works as follows. The top layer is an elastomer that allows
deformation to create buttons when and where needed. In the current design a fixed
pattern is used, i.e. a keyboard, but it may create any shape. Each button is connected
to a pool of fluid through channels. The substrate contains channels where the fluid can
arrive to the buttons and go back. When the keyboard is triggered, a fluid is pushed
through the channels to the button dedicated space. As the pressure is maintained the
button stays on until the fluid is pushed back and the touchable keyboard becomes flat
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Figure 5.2: Deformable button when deactivated [107].
[108]. Figure 5.1 shows a diagram of an emerging button in the surface and Figure 5.2
shows a flat surface with no deformation when the fluid is not pressured.
Figure 5.3: Touchable tactile display with deformable buttons [107].
Currently, its application is in tactile displays, where it can materialise buttons for a
keyboard. The idea is that when the keyboard is triggered by software, an automatic
process makes the touchable keys appear on the screen. Alternatively, when the keyboard
is not required it is removed from the screen leaving a flat surface. In Figure 5.3 a tablet
is shown with deformable keyboard when activated. Figure 5.4 presents an example of
touchable screen in a laptop that a keyboard can appear when needed, but it remains
flat when the keyboard is not required.
However, another application in antenna systems is also possible. This could easily apply
to reconfigurable antennas by substituting the liquid by a conductive fluid. The resulting
reconfigurable antenna has great potential and could form any pattern achievable on
a surface allowing a high degree of reconfiguration. Furthermore it could drain all
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Figure 5.4: Example of application of the deformable keyboard in a laptop [107].
conductive liquid when it is not in use, thus presenting stealth capabilities. It would
reduce RCS as well as mutual coupling to other antennas nearby. This new antenna
opens up a whole world of possibilities and could be easily integrated in portable devices
for biomedical applications, either in a touch screen or at the back of the device.
The novel concept developed in this research project is called “antennas-on-demand”.
It means the antennas can be made available or non-radiating when necessary, thus
eliminating detection and interferences with other systems. Antennas-on-demand can
be advantageous to security applications as well as other communications systems where
more than one antenna is required.
Moreover, as these fluids have high permittivity, the antenna size can be reduced by
p
"r
[88]. The fluid permittivity depends on the type of conducting liquid and its relative
permittivity [106]. This means the antenna can be smaller compared to a solid metal
antenna.
5.2.3 Fabrication
The fabrication process for fluid antennas can be implemented using di↵erent processes.
In this section the two main processes to assemble the encasing for the liquid metal are
described. One material used is PDMS (polydimethylsiloxane), which is a flexible and
deformable elastomer that is commercially available. The first process is lithography
Reconfigurable antennas using ionised solutions 174
which is used to create microchannels in the PDMS encasing and then inject the fluid
with a syringe to create the radiating elements. Another option is to use a 3D printer to
fabricate a 3D model of the desired shape using resin provided by the manufacturer. 3D
printers are highly flexible to create the required shape which cannot be easily fabricated
using conventional techniques. These printers are becoming cheaper and more available
for di↵erent types of materials, which makes them a good candidate for fabricating
prototype designs in antennas. Several designs using 3D printing for rapid prototyping
have already been presented in the literature review [84–86].
Soft-lithographic process is explained in [80] where they fabricate microchannels that
define the shape of a radiating element. First, a negative pattern, defined as “master
pattern”, is created using photolithography. This pattern is used to cure the PDMS pre-
polymer and to create a reverse replica of the master. Then, sealing this layer against
another thin, flat sheet of PDMS called the “spacer layer” produces microfluidic channels
(see Figure 5.5) [78]. A syringe is used to inject liquid metal into the microchannels.
These microchannels determine the shape of the fluid in the antenna.
Figure 5.5: Microchannel fabrication process using soft lithography [78].
On the other hand, 3D printing uses a resin photopolymer to form numerous shapes.
Form1+ is a low-cost 3D printer from Formlabs with high resolution of 25 microns
[109]. It uses stereolithography (SLA) to achieve high accuracy and high resolution.
Stereolithography consists of dividing the model into di↵erent layers of defined thickness
and then use ultraviolet radiation to define the selected model. A liquid photopolymer is
exposed to an ultraviolet laser that solidifies the polymer when it is su ciently exposed.
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When a layer is completed, the platform supporting the design pulls the model upwards
out of the tank to illuminate the next layer. The model is finished by repeating this
process layer by layer for each cross-section [110]. The minimum achievable feature
size with Form1+ is 300 microns and the layer thickness is between 25 microns and
100 microns. Figure 5.6 shows the Form 1+ 3D printer with an example part that has
been 3D-printed. The dimensions of this printer are 30 x 28 x 45 cm and it can print
components up to 12.5 x 12.5 x 16.5 cm using di↵erent resins depending on the final
application [111].
Figure 5.6: Form 1+ high-resolution 3D printer [109].
5.2.4 Study of di↵erent ionised solutions and concentrations
The main salt ions in seawater that make up 99.3 % of the salinity are [112]: chloride
(55 %), sodium (30.6 %), sulfate (7.7 %), magnesium (3.7 %), calcium (1.2 %) and
potassium (1.1 %). Sodium chloride (NaCl) and potassium chloride (KCl) are chosen
because they are non-toxic, non-corrosive, soluble in water and their solutions in water
can be more conductive compared to water. NaCl is sodium chloride also known as
common salt. KCl is a metal halide salt composed of potassium and chloride which is
only toxic in excess. NaCl and KCl provide some of the ions most responsible for the
salinity in seawater.
An experiment was set up to measure the permittivity for di↵erent ionised solutions as
shown in Figure 5.7. Agilent 85070E Dielectric Probe Kit [113] is used to measure the
permittivity properties of the ionised solutions using Agilent E5071C VNA as presented
in [114].
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Figure 5.7: Experiment setup for permittivity measurements of ionised solutions.
First, deionised water is measured to obtain a reference (as shown in yellow in the
results). Then, 0.1 mol, 0.5 mol, 1 mol and 2 mol of NaCl and KCl are dissolved with
water. The molecular weight of NaCl and KCl is used to determine the weight of salt
per litre that is needed to produce each ionised solution, as calculated in Table 5.1. The
ionised solutions are measured at a temperature of 20  C. Permittivity properties are
measured from 500 MHz to 8.5 GHz because that is the maximum range given by the
VNA.
0.1 mol 0.5 mol 1 mol 2 mol
NaCl 5.844 g 29.221 g 58.443 g 116.886 g
KCl 7.455 g 37.276 g 74.551 g 149.103 g
Table 5.1: Concentration of grams per litre for each measured ionised solution.
The real part of the measured relative permittivity ("
0
r) against frequency is presented in
Figure 5.8. The highest relative permittivity is presented by deionised water in yellow.
It is close to 80 which is the theoretical value of deionised water.
The tendency of decreasing in frequency is normal, as at low frequencies all types of
polarisation may be e↵ective. However, as frequency increases the material net polari-
sation drops as some polarisation mechanisms cease to contribute. When analysing the
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Figure 5.8: Measured relative permittivity for di↵erent concentrations of NaCl
and KCl solutions.
results it can be a rmed that as concentration increases relative permittivity decreases.
Figure 5.9: Measured loss tangent for di↵erent concentrations of NaCl and KCl.
To calculate loss tangent (tan ) equation 5.1 is used, where "
00
r is the imaginary part
and "
0
r is the real part of the complex relative permittivity ("r). Loss tangent is a
material property that indicates the time it takes to polarise the dielectric material
when an alternating field is incident on the material. It depends on frequency, as shown
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in Figure 5.9. The higher the loss tangent is and the slower it is to decay the higher the
losses in the material.
Figure 5.10: Measured conductivity for di↵erent concentrations of NaCl and KCl.
tan  =
"
00
r
"0r
(5.1)
From the relative permittivity and the loss tangent the conductivity of each ionised so-
lution against frequency can be calculated, as presented in Figure 5.10. Conductivity is
calculated as in equation 5.2. As expected, deionised water has the lowest conductiv-
ity. When increasing the concentrations in both, NaCl and KCl, conductivity increases.
Comparing the two ionised solutions, NaCl and KCl, KCl always presents higher con-
ductivity for the same concentration compared to NaCl.
  = ! · "00r · "0 (5.2)
As potassium chloride is one of the main components of seawater, 2 mol KCl solution is
chosen as the ionised solution because it presents the best conductivity properties. Its
permittivity properties are imported into CST to get more accurate simulation results.
CST also uses equation 5.2 to calculate conductivity from permittivity and loss tangent.
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5.2.5 Initial designs
In this section, several initial designs using fluid conductors on antennas are presented
and their simulation results analysed. To understand the behaviour of fluid antennas a
monopole design is chosen for its simplicity.
5.2.5.1 Copper monopole
A monopole with a PDMS encasing is simulated in CST Microwave Studio. The geom-
etry of the design is shown in Figure 5.11. The length of the monopole is 32 mm with
a diameter of 1 mm and the ground plane area is 5x5 mm2.
Figure 5.11: A monopole design with PDMS encasing.
To encase the fluid a 2 mm thick silicon-based elastomer is used: PDMS (polydimethyl-
siloxane). A model can easily be fabricated using a 3D printer. The material charac-
teristics of PDMS have been introduced in CST Microwave Studio to obtain realistic
results. PDMS has a relative permittivity of "r = 3.0 and tan  = 0.05 at 3.45 GHz [80].
First, a copper monopole antenna encased in a PDMS is simulated. The copper con-
ductivity is 5.96 · 107 S/m. The simulated S11 parameter is shown in Figure 5.12. It
resonates at 2.4 GHz with a 10-dB bandwidth of 270 MHz, hence it could be used for
Wi-Fi or Bluetooth applications. The bandwidth can be tuned by changing the radius
of the conductor of the monopole.
The radiation pattern of a copper antenna presents a typical omnidirectional monopole
antenna radiation pattern. The radiation e ciency calculated by CST is 86 %.
Reconfigurable antennas using ionised solutions 180
Figure 5.12: Simulated S11 parameter of copper monopole.
5.2.5.2 EGaIn monopole
Next, a EGaIn monopole is designed using the same dimensions as the copper monopole.
The properties of this liquid conductor are introduced in CST Microwave Studio and
the simulation results analysed. The simulation operating frequency changes only by
20 MHz, as displayed in Figure 5.13, although the radiation e ciency drops down to
70 %. This is because of the EGaIn conductivity being lower (  = 3.4 · 106 S/m)
compared to the copper conductivity (  = 5.96 ·107 S/m). The bandwidth is maintained
at around 300 MHz.
Figure 5.13: S11 parameter for EGaIn monopole.
Figure 5.14 shows the 3D-view of the radiation pattern. Again, it is maintained compared
to the copper monopole with a gain of 2 dBi and 3 dB beamwidth of 85.3 . Figure 5.15
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compares both E-planes of copper and EGaIn monopoles and it can be concluded the
di↵erence is insignificant.
Figure 5.14: Radiation pattern of EGaIn monopole.
Figure 5.15: E-plane comparison between copper monopole and EGaIn monopole.
The surface current distribution of the EGaIn monopole is presented in Figure 5.16.
As in the copper monopole, there is a maximum in current at the excitation point and
the current diminishes until it gets at the open end of the monopole. This is a typical
current distribution for a quarter-wave monopole. This proves it is a resonant antenna
because it always presents the maximum and minimum current at the same positions.
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Figure 5.16: Surface current distribution for EGaIn monopole.
5.2.5.3 Reconfigurable EGaIn monopoles
The EGaIn monopole results are very close to the copper monopole, so it can easily
replace the copper monopole. As a fluid, EGaIn can be pumped in or out of a monopole
antenna, achieving frequency reconfiguration.
In Figure 5.17 the EGaIn monopole is simulated with di↵erent EGaIn heights. The result
is a change in its operating frequency. By changing the height from 25 mm to 35 mm,
the operating frequency decreases from 2.9 GHz to 2.25 GHz. Another advantage of
this design is it can tune continuously any frequency within a range, by pumping or
draining the liquid conductor. Figure 5.18 shows the E-plane radiation pattern for all
four frequencies with a minimal di↵erence.
Moreover, the initial design can be extended to a multiple reconfigurable design by in-
troducing more input ports and adding other monopoles in di↵erent directions. This
technique can be used as in Figure 5.19 with 3 input ports and 3 monopoles. Several
monopoles provide polarisation diversity to the design. Additionally, as the fluid anten-
nas allow draining of the fluid, each monopole can be reconfigured to di↵erent frequencies
as in [88] or even disabled to avoid mutual coupling. Therefore, creating a new concept
of “antennas on demand”.
For example, in the proposed design when horizontal polarisation is needed the fluid
is pumped to the horizontal monopole leaving others with no fluid and only port 1 is
excited. The same idea applies to other polarisations. Besides, a combined polarisation
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Figure 5.17: S11 parameter for di↵erent heights of EGaIn monopole.
Figure 5.18: E-plane radiation pattern for di↵erent heights of EGaIn monopole.
(dual polarisation) is also possible. When the antenna is no longer necessary, the fluid
is drained to a storage tank where it does not present any coupling e↵ect.
In the simulation an excitation port is introduced, but in practice a di↵erent kind of
feeding would need to be implemented. An SMA connector would mean a fissure in
the sealed encasing material that can result in a leakage of fluid. Therefore, a proximity
coupled feed line can be a good alternative for these designs. Di↵erent proposed methods
need to be studied and adapted to achieve maximum power transmission and lower
disturbance to the design.
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Figure 5.19: Reconfigurable design using multiple fluid monopole antennas.
5.2.6 KCl solution monopole
A KCl solution monopole is designed in order to test an ionised solution monopole
prototype. The geometry is shown in Figure 5.20. It consists of a 1-mm thick 3D-
printed tube on top of a copper ground plane. Figure 5.21 shows a cut view of the
geometry. A panel mount SMA connector is modelled to excite the antenna. The tube
is 50 mm long, 1 mm thick and has an inner radius of 2.5 mm. The ground plane is
15 x 15 mm2.
An experiment was set up to measure the dielectric properties of the resin used to 3D-
print the tube. Agilent 85070E Dielectric Probe Kit is used to measure the permittivity
properties of a 7x7x7 cm3 3D-printed cube at the frequencies of interest. The resin used
is provided by Formlabs, the 3D printer company. Formlabs “clear resin” is measured
and a relative permittivity of 2.0 and a loss tangent of 0.1 at 3.0 GHz are obtained.
These results are imported into CST to obtain more accurate results when simulating
the KCl solution monopole.
The reflection coe cient against frequency is presented in Figure 5.22. This simulation
is obtained by varying the height of ionised solution in the monopole. When the ionised
solution height increases, the frequency decreases as it is expected. The KCl solution
operates as the radiating part of the monopole, if the monopole height increases the
operating frequency decreases.
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Figure 5.20: Ionised solution monopole antenna design.
Figure 5.21: Cut view of the ionised solution monopole antenna design.
The passband for each configuration is given for the second resonance of the monopole
considering this resonance presented better e ciency. Limited matching is implemented
as the goal is to prove the concept. Later in this chapter other resonances of the KCl
solution monopole are presented and analysed.
Figure 5.23 shows the simulated gain of the KCl solution monopole for di↵erent ionised
solution heights. Realised gain is around 3 dBi when the solution is 30 mm and 40 mm
high, but it goes down to 2 dBi when the ionised solution height is 10 mm and 20 mm
high. This is because of the radiation e ciency of the antenna.
Next, the monopole is analysed for di↵erent container/tube inner radius at an ionised
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Figure 5.22: S11 parameter for di↵erent KCl solution heights in an ionised solution
monopole.
Figure 5.23: Simulated realised gain for di↵erent KCl solution heights in an ionised
solution monopole.
Figure 5.24: S11 parameter for di↵erent container inner radius in an ionised solution
monopole.
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Figure 5.25: Simulated realised gain for di↵erent container inner radius in an ionised
solution monopole.
water height of 40 mm. Figure 5.24 presents the simulated reflection coe cient for
di↵erent container inner radius. From 1.5 mm up to 5 mm the monopole presents
di↵erent operating bands. When the radius becomes too big, as in 7 mm, the ionised
water becomes too lossy and the antenna e ciency drops. Moreover, when container
radius is 2 mm there are two operating frequency, one at 4.6 GHz and another at 8.8 GHz,
because this particular antenna is well matched at both frequencies. The ionised water
monopole presents di↵erent resonances at multiples of the fundamental resonance, but
the impedance may not be matched.
Figure 5.25 presents the realised gain for di↵erent container radius. Gain for 1.5 mm and
2 mm is 3 dBi and it diminishes to 2 dBi for a radius of 3 mm. As expected, the gain for
container radius = 7 mm is very low. Although gain for radius 5 mm is below 0 dBi too.
This can be understood by looking at the simulated e ciency in Figure 5.26. E ciency
for radius 5 mm and 7 mm is below 40 % at the matched band. While e ciency for
radius = 3 mm is only 45 % at the operating frequency, which causes a 1 dB loss in gain
compared to smaller radius. On the other hand, both 2 mm and 1.5 mm radius have an
e ciency close to 75 %. In conclusion, antenna e ciency decreases as container radius
increases, having the best results at radius = 1.5 mm.
Di↵erent resonances are analysed next for an ionised water monopole with a 1.5 mm
radius. An antenna with zero imaginary part is said to be resonant, as the imaginary
part of the impedance represents power that is stored in the near-field of the antenna.
There are basically two types of resonances: parallel type or “antiresonance” and series
type. The parallel type usually presents a high peak in the real part of Z and the
imaginary part usually goes from inductive to capacitive. When the imaginary part is
positive it is called inductive and when it has negative values it is called capacitive. In
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Figure 5.26: Simulated e ciency for di↵erent container radius in an ionised solution
monopole.
(a) Real part
(b) Imaginary part
Figure 5.27: Real and imaginary part of Z11 for di↵erent container radius in an ionised
solution monopole.
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(a) First resonance (b) Second resonance (c) Third resonance
Figure 5.28: Surface current distribution for three resonances of an ionised solution
monopole.
(a) First resonance (b) Second resonance (c) Third resonance
Figure 5.29: Radiation pattern for three resonances of an ionised solution monopole.
the series type the impedance is varying slowly in frequency. The imaginary part goes
from capacitive to inductive and it is the most desirable for practical implementation.
As shown in Figure 5.27 the 1.5 mm radius monopole has 3 resonances at around 5 GHz,
7.5 GHz and 10 GHz. Of these resonances only the 10 GHz is a series resonance.
Figure 5.28 presents the surface current distributions for 5 GHz, 7.5 GHz and 10 GHz.
The resonance at 5 GHz occurs when the monopole length is equal to three quarters of
a wavelength (34 ·  ). The resonance at 7.5 GHz occurs when the monopole length is
5
4 ·  . And the resonance at 10 GHz occurs when the length is 74 ·  . More resonances
occur in multiples of
 
n+ 14
  ·  , where n is an integer.
Figure 5.29 shows the radiation pattern for the first, second and third resonances of
the ionised water monopole. As the resonant frequency increases, electric and magnetic
fields are added in phase farther from the ground plane. Also, at 10 GHz some of the
current is resonating at the pin of the RF connector as its length is half-wavelength at
10 GHz, which may be the cause for the diminishing gain.
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Figure 5.30: Simulated S11 for di↵erent water heights in the simulated ionised solution
monopole.
(a) Real part
(b) Imaginary part
Figure 5.31: Real and imaginary part of Z11 for di↵erent container inner radius in
the simulated ionised solution monopole.
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From this study, a 2 mm radius monopole is selected for a prototype with a tube 60 mm
long as shown in Figure 5.32, because it is more feasible to fabricate than the 1.5 mm
radius. The simulated S11 results for this design are shown in Figure 5.30. Operating
frequency for each water height goes from 7.5 GHz down to 4.3 GHz when the water
height increases, as expected. For a water height of 20 mm the monopole presents two
operating frequency: 3.8 GHz and 7.5 GHz, for the second and third resonance. The
real part and imaginary part of Z11 for each water height are shown in Figure 5.31a and
Figure 5.31b respectively. When the water height is 20 mm, there is another resonance
at 3.8 GHz. At this frequency the height of the water is  4 . Antenna impedance is
matched at 50 ⌦ at this frequency and that is the reason why there is a null in the
simulated S11.
Figure 5.32: Fabricated KCl solution monopole measurements.
The measured reflection coe cient is presented in Figure 5.33. A 2 mol KCl solution was
used. Solid lines are the measured S11 and dotted lines represent the simulated S11. A
10 mm water height could not be measured because of the surface tension of the ionised
solution. The ionised solution was manually injected using a syringe from the top of the
monopole. It was a di cult procedure as the air had to come out to allow the liquid
to fill all the tube. The measurements and simulations roughly agree. Nevertheless, the
operating band changes from 7.0 GHz to 5.7 GHz and down to 5.0 GHz for 20 mm,
30 mm and 40 mm, respectively. For 50 mm the band at 6.3 GHz is matched instead of
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Figure 5.33: Measured S11 for di↵erent water heights in the KCl solution monopole.
the band at 4.4 GHz. 6.3 GHz is the second resonance for 50 mm. Further experimental
verification is required to achieve a better matching.
This experiment demonstrates that an ionised water monopole can be used as a recon-
figurable antenna enabling continuous frequency tuning. The switching mechanism uses
a pump or a pushing system that controls the height of liquid inside the container. This
technique eliminates the coupling of bias lines and control systems that deteriorate the
antenna performance, providing higher flexibility and dynamic adjustment compared to
solid metal designs.
5.3 Design C: Liquid-controlled reconfigurable Vivaldi an-
tenna
The previous section proves an ionised solution can be used instead of copper to radiate
as an antenna with e ciency up to 75 %. This section investigates the implementation
of a liquid switch to replace the conventional RF switches in design B proposed in
Chapter 4.
5.3.1 Antenna geometry
A liquid-controlled or hybrid reconfigurable Vivaldi antenna is proposed here (design C).
The aim is to replace the RF switch at the slot in design B for an encased conductive
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ionised solution. When there is no liquid inside the case, the antenna operates at the
low band. However when liquid is introduced into the case, it creates a short circuit as
an ON switch. Thus, the reconfigurable Vivaldi antenna operates at a higher band. By
adjusting the position of the case the higher band can be tuned.
Figure 5.34a and Figure 5.34b present the bottom and top layer, respectively. The
top layer consists of the feedline ended with a stub and the bottom layer includes the
exponential flare, slot and a 3D-printed case to hold the fluid. Dimensions of the design
antenna are specified in Table 5.2.
Figure 5.35 is a zoom at the slot where the encased fluid is located. The case is trans-
parent so that the blue liquid inside is visible. A summary of the dimensions of the
case is presented in Table 5.3 (see Figure 5.36 and Figure 5.37). A circular hole fitting
a syringe is designed on top to inject the fluid using a syringe because this is an initial
design to prove the concept. In an electronically controlled antenna, a small hole can be
designed at the side of the case to connect a pump to automatically control the fluid.
Design parameters Dimensions (mm)
Lantenna 250.0
Wantenna 150.0
Lslot 60.0
Wslot 1.22
Posfluid 40.0
Lstub 7.98
Wstub 1.5
Posstub 15.8
Table 5.2: Value for the design parameters for design C.
Design parameters Dimensions (mm)
Lcase 10.0
Wcase 30.0
Hcase 8.0
Wpipe 6.2
Hpipe 4.0
Wpipewall 1.0
Lcavity 5.0
Wcavity 10.0
Hcavity 4.0
Table 5.3: Design parameters for the case in design C.
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(a) Bottom layer (b) Top layer
Figure 5.34: Bottom and top layers of design C with conductive encased fluid as a
switch.
Figure 5.35: Conductive encased fluid in the slot of design C.
Figure 5.36: Case with dimensions.
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Figure 5.37: Cut view of case with dimensions.
5.3.2 Simulated results
The simulated results for design C are shown in Figure 5.38. There are clearly two
operating bands: a low band from 2.55 GHz to 3.35 GHz and a high band from 3.4 GHz
to 5.1 GHz. As the best band rejection occurs at the higher frequencies of the band, the
two operating bands are defined at 3.2 GHz and 4.5 GHz.
Figure 5.38: Simulated reflection coe cient and gain for design C.
Surface current distributions are presented next. Figure 5.39 displays design C in low-
band mode, that is without any liquid in the slot case. Figure 5.40 shows design C in
high-band mode, that is when liquid is pumped into the case to short-circuit the slot.
Figure 5.39a shows the surface current at 3.2 GHz, thus an in-band frequency. Fig-
ure 5.40b presents the in-band current at 4.5 GHz in high-band mode. In the in-band
modes the current is coupled to the slot and it is propagated to the exponential flare of
the hybrid Vivaldi antenna and then radiated to free-space. On the other hand, in the
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(a) In-band at 3.2 GHz (b) Out-of-band at 4.5 GHz
Figure 5.39: Surface current distribution in-band and out-of-band in low-band mode.
out-of-bands, as in Figure 5.39b and Figure 5.40a, the current is resonating in the slot
as the stub-to-slot intersection is not matched for these bands.
This antenna presents good isolation between bands because of the small amount of cur-
rent that is propagated to the exponential flare while operating in a rejected frequency.
When there is no current propagated, the gain is at a minimum producing isolation of
14.5 dB based on the simulated results.
Figure 5.41 presents the simulated e ciency for low-band and high-band modes. In
low-band mode at 3.2 GHz the e ciency is 93 %, while in high-band mode at 4.5 GHz
the e ciency is 80 %. In low-band mode the Vivaldi antenna using electronic switches
(design B) has a peak e ciency of 93 %, thus there is no loss in this mode. In high-band
mode design B presents a peak e ciency of 83 % at 4.5 GHz. With a 3 % di↵erence, the
loss is minimal. Overall high-band mode presents lower e ciency which can be because
of the use of a fluid as a switch that absorbs the EM waves instead of creating a short
circuit at the slot.
Reconfigurable antennas using ionised solutions 197
(a) Out-of-band at 3.2 GHz (b) In-band at 4.5 GHz
Figure 5.40: Surface current distribution in-band and out-of-band in high-band mode.
Figure 5.41: Simulated e ciency for design C.
5.3.3 Study of di↵erent ionised solutions and concentrations
Various concentrations were measured using the dielectric probe. With these measure-
ments the dielectric properties of di↵erent concentrations were imported into CST. In
this section the design C high-band mode simulation results using di↵erent ionised so-
lutions are compared.
0.1 mol KCl, 1 mol NaCl, 2 mol KCl and 2 mol NaCl are selected as a sample of the
ionised solutions. 0.1 mol is the minimum measured concentration and it presented the
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lowest conductivity. 1 mol NaCl presents a relative permittivity centred between the
0.1 mol KCl and 2 mol KCl permittivities. 2 mol NaCl and 2 mol KCl presented the
highest conductivity, lowest relative permittivity but also the highest loss tangent, as
shown in Figures 5.8 – 5.10. This high loss tangent can cause losses in the design.
Figure 5.42 presents the simulated antenna total e ciency for 0.1 mol KCl, 1 mol NaCl,
2 mol KCl and 2 mol NaCl. The highest e ciency in the operating band is provided by
2 mol KCl solution with up to 86 % and the lowest e ciency by 0.1 mol KCl solution
as expected which is a 5 % lower at 4.5 GHz.
Figure 5.42: Simulated total e ciency for di↵erent concentrations of NaCl and KCl
solutions and compared to the simulated e ciency of design B.
In terms of realised gain, the di↵erence is about 3 % or 0.4 dB lower between 0.1 mol KCl
and 2 mol KCl which in simulation. The variation is subtle with the other concentrations
because of the small amount of ionised solution used in the design.
The same occurs when looking at the reflection coe cient. For 0.1 mol KCl and
2 mol KCl the variation is of up to 1 dB or 8 %. With a subtle variation for the
other concentrations.
Although there is not a significant di↵erence for various concentrations in the geometry
of design C, 2 mol KCl solution is used for design C because it presents the highest gain
and e ciency. The concentration in the ionised solution is not critical for the geometry
proposed in this research project. Other geometries where the ionised solution is used as
a radiator may present higher variations. For example in [115] a study is reported for a
2 GHz monopole showing a relation between e ciency and conductivity. The e ciency
drops for conductivities between 10 3 S/m and 10 1 S/m down to 30 %, but rises in a
linear trend from 10 1 S/m up to 103 S/m. At this point, increasing conductivity does
not increase e ciency as it has reached its maximum. Although this is very specific
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for the reported monopole it can be used as guidance when using an ionised solution
as radiator. In this research project a small amount of ionised solution is used which
makes it feasible as the conductivity of the ionised solution does not have a big impact
on the antenna e ciency.
5.3.4 Antenna verification
The same procedure explained in the previous chapter for antenna verification in the
anechoic chamber is followed to verify design C. The prototype is fabricated in the
departmental workshop using an etching technique on a Taconic RF-43 substrate. The
initial Vivaldi design was reduced in size to fit an A4 so that it could be produced using
the etching machine. The bottom layer and the top layer of the prototype are shown in
Figure 5.43. The 3D-printed case for the liquid switch is attached at a point of the slot
in the bottom layer.
(a) Bottom layer (b) Top layer
Figure 5.43: Prototype fabricated for design C.
Figure 5.44 presents a block diagram of the experiment setup to characterise the fluid-
reconfigurable Vivaldi antenna prototype for design C. The fluid switch that is attached
to the antenna is connected to a pipe that allows the 2 mol KCl solution to be pumped
in and out to reconfigure the operating frequency of the antenna.
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Figure 5.44: Experiment setup for Design C.
In the following sections the experiment results are discussed.
5.3.4.1 Test and simulation results comparison
Figure 5.45 shows a comparison between the simulated and measured reflection coe -
cient for design C. Two operating bands are presented in the test results. Figure 5.46
displays a comparison between the simulated and measured gain for design C. Gain is
stable inside the bands and it drops rapidly on the edges of the band. The measured low
band (in red) agrees more with the simulated result. In the high band (blue lines) there
are some discrepancies for the higher frequencies which can be because of fabrication
inaccuracies, the lossy properties of the KCl solution and the low order model used in
CST to model the fluid. However the start of the operating band, i.e. below -10 dB, is
maintained from 3.4 GHz. Rejected frequencies are in good agreement as well.
Next, the measured radiation pattern is compared to the simulated results. In low-
band mode both E-plane and H-plane agree with the simulated results. With a 3 dB
beamwidth of 38  in E-plane and 65  in H-plane. In high-band mode measured results
have a slight clockwise rotation compared to the simulated results. This can be because
of a misalignment in the anechoic chamber setup. 3 dB beamwidth for the high-band
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Figure 5.45: Simulated and measured reflection coe cient comparison for design C.
Figure 5.46: Simulated and measured gain comparison for design C.
mode in E-plane is 28  with a 2  di↵erence compared to simulation. And 3 dB beamwidth
for the high-band mode in H-plane is 49  with a 3  di↵erence compared to simulation.
Several problems arose when fabricating the antenna prototype. The first one was a
watertight container was necessary. Leaks were stopped using silicone for this proto-
type, but for further research a new design is required. The second problem was the
KCl solution evaporation and crystallisation. One option is to completely remove the
ionised solution from the switch when the antenna is not in use or to design an enclosed
area to contain the ionised solution. In addition, the KCl solution dielectric properties
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(a) E-plane (b) H-plane
Figure 5.47: Measured (red) and simulated (blue) radiation pattern in low-band mode
at 3.2 GHz of design C.
(a) E-plane (b) H-plane
Figure 5.48: Measured (red) and simulated (blue) radiation pattern in high-band
mode at 4.5 GHz of design C.
change with temperature, which means its performance needs to be studied further in
the future. To overcome the temperature problem an enclosed area for the liquid is
necessary. Furthermore, the temperature di↵erence can be compensated by a pump as
long as the liquid solution remains in a liquid state.
5.3.4.2 Design B and design C measurements comparison
Figure 5.49 compares the measured reflection coe cient and Figure 5.50 compares the
gain for design C using a liquid-switch and design B that uses an electronic RF switch
to control the operating band. HB indicates high band and LB indicates low band.
Looking at the reflection coe cient, there is a frequency shift. Design C is matched
400 MHz lower in frequency than design B. This is because of the e↵ect of the case in
the slot and the ionised solution not being as conductive as copper, making the liquid
like an absorber and matching it in lower frequencies. However, the gain at 400 MHz is
very low compared to the rest of the band. Therefore, this shift is not critical as design
C still operates at the frequencies of interest: 3 GHz and 4.5 GHz. From 4.6 GHz and
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Figure 5.49: Measured reflection coe cient compared for design B and design C.
Figure 5.50: Measured gain comparing results for design B and design C.
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up the high band of design C is again well matched at 5 GHz which design B is not. This
can be because of the losses in the liquid material and a poor CST model of the liquid
switch which carries the error at higher frequencies. For the gain the main di↵erence is
the shift for the rejected frequency in low-band mode. This is because of the liquid case
a↵ecting the slot length at these rejected frequencies.
In conclusion, design C using the liquid-switch achieves similar results to design B using
an electronic switch. Despite being a slower technique it provides high flexibility to the
design, it is cheaper and can easily be adapted to most design geometries using 3D-
printing. Moreover, using a di↵erent case can provide dynamic continuous tuning to the
design.
5.4 Conclusion
This chapter aimed to address the low performance problem of RF switches by using
fluid components to tune a reconfigurable antenna. Fluid antennas are a good alter-
native for reconfigurable antenna designs as they provide the flexibility of adopting the
mechanical properties of the encasing material making them flexible and durable, as
well as the advantage of suppressing mutual coupling by draining the fluid and disabling
the antenna. Ionised solutions such as seawater are inexpensive, easily accessible and
eco-friendly, and are a good alternative for low-cost systems.
A new concept was proposed using a 3D-printed flexible resin: “antennas-on-demand”.
The concept was displayed in a planar antenna using multiple fluid monopoles, but it can
be extrapolated to any desirable design. This design provides a high degree of freedom
for the geometry of the antenna: it just needs to fit in a surface. It can be introduced
on a screen or at the back of a tablet for example and it can be activated only when
required.
Initially, the radiating part of the copper monopole was replaced by EGaIn and the
results were compared to the copper monopole. EGaIn presents lower e ciency as
expected, 86 % of the copper down to 70 % of the EGaIn. Still, good performance was
accomplished by the fluid monopole in terms of matching, polarisation, radiation pattern
and gain. Frequency reconfiguration on the EGaIn monopole antenna was achieved by
changing the fluid height.
Then, to determine the best ionised solution for our purposes, an experiment was setup
to measure the dielectric properties for di↵erent ionised solutions and concentrations.
Various concentrations of NaCl and KCl were measured and 2 mol KCl was selected as
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the experimental ionised solution for design C because it presented the best permittivity
properties to operate as a liquid switch.
Following the EGaIn monopole design, a reconfigurable KCl solution monopole design
was proposed. It consisted of a 3D-printed tube and a panel-mount SMA connector.
As an e ciency of 75 % using the fluid was achieved in simulation, a prototype was
fabricated. From the measured results it can be deduced that the ionised solution
is more lossy compared to a copper monopole as expected, although it allows very
easy continuous tuning reconfiguration. The operating band changes from 7.0 GHz, to
5.7 GHz and down to 5.0 GHz for 20 mm, 30 mm and 40 mm ionised solution heights
respectively. Further study and experimental verification is required for a full operational
fluid monopole. However, with these experimental results the concept of reconfigurable
fluid monopole was demonstrated: the KCl monopole changed its operating band by
varying the height of fluid solution in the tube. Therefore, a low-cost ionised solution
can replace a solid metal but the losses introduced by the fluid need to be taken into
account.
In the second part of this chapter, a liquid-controlled reconfigurable Vivaldi antenna was
proposed as design C to take advantage of the fluid characteristics previously proved.
By integrating fluid channels into the Vivaldi antenna the operating band of the Vivaldi
antenna can be continuously tuned. A case with an ionised solution of KCl was intro-
duced at the position of the switch instead of the HMC550AE switch. There was no need
for bias lines or layout contacts that a↵ect the antenna RF performance as explained
in section 3.1.1.1. The case was designed to be 3D-printed using a Formlabs Form1+
printer. A 3D printer was essential for fast prototyping as well as providing the freedom
to produce shapes that are not possible with other techniques.
The prototype antenna was measured following the same procedure explained in the
previous chapter. The antenna prototype presents two bands: a low band at 3.2 GHz
with 11 dBi of gain and a high band at 4.5 GHz with 10.8 dBi of gain. The measured
radiation patterns were in good agreement with the simulated results with only a 2 
deviation for the high-band mode. There was good isolation between bands as for
the rejected frequencies no current was propagated to the exponential flare achieving a
minimum isolation of 14.5 dB in both bands.
Continuous frequency tuning in the proposed design can be achieved by using a di↵erent
container shape to pump liquid at di↵erent points of the slot.
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In conclusion, fluid antennas provide higher flexibility in terms of reconfiguration for an
antenna, as the conductive liquid can easily be removed, can adopt any shape and self-
heal. They are durable, easy to integrate and high-power handling. These reasons make
fluid parts or fluid antennas the perfect candidate for the next-generation reconfigurable
antennas. Moreover, the hybrid reconfigurable Vivaldi antenna prototype presented in
this chapter demonstrates it is possible to replace a conventional RF switch by a liquid-
controlled switch achieving good performance. This liquid switch can be used in many
other designs easily providing continuously frequency tuning. To fully automate the
antenna, a micropump is necessary to pump the ionised solution in or out of the case.
For example, a GN series 42.9 L/min is su cient as the amount of liquid to move is very
low.
Chapter 6
Conclusion and Future Work
This chapter concludes this research thesis. It is divided in eight sections. First, the
requirements of this research project are discussed along with the necessary equipment.
Following, design A and B are analysed along with their limitations and suggestions
to deal with these limitations. A design C is then discussed. Later, the project goals
are reviewed to evaluate if they are met. Then, the novel contributions to research are
presented. Finally, the future work is described.
6.1 Requirements of the project
The aim of this research project was to develop new designs of reconfigurable antennas
that can operate across a wide frequency range while maintaining radiation characteris-
tics, such as radiation pattern and polarisation, and fulfilling the industrial requirements.
As the main application was spectrum surveillance, the industrial sponsors required the
reconfigurable design to include:
• frequency tuning
• low cost
• low power consumption
• portability
• high gain
• wideband operation
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• stable radiation patterns
• good isolation between bands
High gain was required to recognise attenuated communications of interest, while on
the other hand a stable radiation pattern across a wide frequency range was essential
because the antenna will be pointing to a specific direction in spectrum surveillance. If
an antenna changes the direction of the main lobe in its operating band, the antenna
needs to be realigned depending on the operating frequency and this is not a desirable
feature.
The good isolation between bands was taken to be a minimum of 14 dB as it represents
a power ratio of 25.
This thesis has covered the antenna design in terms of operation frequency, polarisation,
impedance, gain and far-field radiation pattern at the frequencies of interest. Operating
frequencies are found in the microwave spectrum between 1 GHz and 6 GHz. The anten-
nas were designed so that they could be fabricated in the departmental workshop. In the
workshop an etching machine which can fit designs of a maximum size of an A4 is used,
although this technique is not limited by this size when a larger etching tank is utilised.
Therefore, a planar design on a high performance substrate satisfied the requirement.
The substrate needed to be low loss as the outcome requires high gain, so FR-4 substrate
was not desirable. Low-cost materials were required. A wideband antenna was chosen as
the basis of the reconfigurable design to provide consistent characteristics in all bands.
The research covered the physical design of new reconfigurable antennas and established
the switching mechanism, although the automated control of the switching mechanisms
was outside the scope of this project.
To fulfil the stated aim, a Computational Electromagnetic tool was deemed necessary to
perform the analysis of proposed designs. CST Microwave Studio was chosen for several
reasons. First, a license for this software tool is already available in the Department of
Electronic and Electrical Engineering at UCL. Second, this package encompasses a wide
range of solvers that can be useful for simulating a wide range of reconfigurable antenna
designs. Third, a lot of complementary tools work together with CST, such as Antenna
Magus, which can aid and expedite the process of designing new antennas. And finally,
CST was one of the most accurate full-3D EM simulator tool for time analysis antenna
design and simulation currently available for designing antennas.
The designs proposed in this research project are not a one-component design, they
are a combination of optimised parts that fit together to operate e ciently fulfilling
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the goals of the project. The input port, the feed line, the stub-to-slot intersection,
the resonating slot, the exponential flare and the tuning system are designed using
di↵erent specialised tools of CST. Furthermore, the CST co-simulation enables the input
of measured material characteristics and switch performances in the simulations.
Initially, in the design process each antenna system design requires assumptions about
other system components because the system is not designed yet. During the design
phase an understanding of the interaction between components, parts or subsystems
is developed on how each component, material or part of the antenna design impacts
the other parts. Likewise the material choices that are required for manufacture might
change the requirements for the antenna itself. An understanding of these impacts takes
time to evolve. Although once understood, each part or component design needs to be
refined so that an understanding of these interactions is leveraged. Having multidisci-
plinary tools to analyse and evaluate each part of the system that are well integrated is
crucial so that the process can be iterated e ciently.
Additionally, laboratory equipment was necessary for the test and antenna measure-
ments, such as VNA, 3D printer, 3D-printer materials, reference antennas and the setup
in the anechoic chamber to measure the gain and far-field radiation patterns.
6.2 Switched reconfigurable antennas
When analysing the state-of-the-art reconfigurable antennas it was observed that most
of designs could only operate in a narrow frequency range. Thus, the radiation char-
acteristics of the antenna were not preserved across a wide spectrum because of the
di↵erent modes of resonance. The proposed reconfigurable designs in this thesis are
based on a Vivaldi antenna because of its stability in the radiation characteristics across
the operating frequency band.
Some designs for Vivaldi antennas had been proposed in the past, but most of them
introduced some resonating element to achieve high isolation that compromised the
gain severely. To avoid this gain loss, a Vivaldi antenna with a feed line that was
matched only at the frequencies of interest was proposed. By controlling the feed line
some frequencies could be rejected and a preferred band could be selected. RF switches
were introduced in the feed line to tune the operating frequency of the antenna between
frequency bands. These switches adjusted the length of the current path for the di↵erent
bands. The operating bands could be easily changed by selecting the locations of the
switches.
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Several designs with two, three and four bands were presented, that covered the spectrum
between 1.5 GHz and 6 GHz. All the proposed designs accomplished in-band stable high
gain and several rejected frequencies which could be adjusted to block particular bands.
This low-cost method provided stable high gain and a rejected frequency just at the
edge of the band with up to 36 dB rejection. A good isolation between bands combined
with wide instant bandwidth can be very useful for spectrum surveillance.
After obtaining satisfactory simulation results, a prototype of design A was fabricated
using RF-MEMS switches as switching mechanism. As the selected RF-MEMS switches
proved to be di cult to integrate in the design, to solder and costly to operate, a
design B was proposed using other RF switches: Hittite HMC550AE GaAs MMIC SPST
switches. This prototype presented high gain and isolation, but RF switches are not easy
to integrate into the antenna structure, they introduce bias lines, insertion losses and
poor isolation in the design which deteriorates the overall gain.
The RF switches allow only a frequency switched tuning method, they add an extra
cost to the system and the required bias lines alter the antenna RF performance. There-
fore, alternative designs were considered and a novel liquid-switch was proposed next
to prevent bias lines of an electronic switch to a↵ect the design and allow continuous
tuning.
Furthermore, a reproducible method was presented to calculate the antenna dimensions
and switch positions. The method also calculates rejected frequencies of each band with
a minimum accuracy of 96.6 % compared to simulation.
6.3 Hybrid reconfigurable antenna
Fluid antennas are a good alternative for reconfigurable antennas because, as fluids,
they can be deformed without losing electric contact. Depending on the casing used,
these antennas resist strain, deformation and can even self-heal in response to a sharp
cut. Tuning a fluid reconfigurable antenna can be done by just pumping more fluid into
the microchannels so that the area they cover is greater. They are easily conformed into
the desired shape and even form a contact at room temperature without the need of
soldering. On the other hand, fluids present lower conductivity compared to copper and
there is a chance of leakage if the case is not properly sealed.
A summary of advantages and disadvantage of the fluid antennas is presented in Ta-
ble 6.1.
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Advantages Disadvantages
- Can be reversibly deformed - Lower conductivity than copper
- Casing defines its mechanical properties - Chance of leakage
- Mechanically tunable and sensitive to strain - Evaporation
- Durable - Crystalisation
- Easily conformed into the desired shape
- Operation change with
temperature
- Can form a contact at room temperature
without the need of soldering
- Need of coupling feed to
completely seal the case
- Can self-heal in response to sharp cuts or
cracks
- Can have small RCS by draining the liquid
when not in use
- Fabrication is simple and fast by using
3D-printing techniques
Table 6.1: Advantages and disadvantages of fluid antennas.
In fluid antennas research, the most popular metal fluids are EGaIn and Galinstan, which
provide high electric conductivity. Alternatives for low cost system are ionised solutions
such as NaCl or KCl between others. Still, their conductivity is about three orders of
magnitude below the copper conductivity. For high-e ciency designs it is preferable
to use EGaIn to obtain the highest conductivity possible to minimise mismatches. A
reconfigurable monopole was simulated using EGaIn accomplishing good performance
closely related to a solid metal monopole. Furthermore, as fluid materials provide high
permittivity, the antenna size can be reduced proportionally to its relative permittivity,
which makes them excellent for biomedical and security applications.
As EGaIn is an expensive material, other water solutions were considered. KCl is chosen
because it is non-toxic, non-corrosive, soluble in water and its solutions in water can be
more conductive compared to pure water. KCl is an element widely found in seawater
and, therefore, this project demonstrates seawater can also be used as a radiator too.
A KCl solution monopole is simulated in CST and good performance is obtained with
e ciency of up to 75 %. The liquid state of the radiating part allows easy frequency
reconfiguration by adjusting the amount of liquid in a container. A 3D printer is used
for rapid prototyping of the liquid antenna model. Because it allows complicated and
bespoke shapes for watertight container designs.
A new concept was introduced: “antennas on demand”. A design to display this con-
cept was proposed using multiple fluid monopoles in a PDMS encasing reconfigurable
antenna. But this concept can be extrapolated to any desirable design. It was based on
a 3D-printed elastomer that included certain predefined microchannels for a conductive
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fluid. It required three input ports to activate each of the monopoles. The conductive
fluid could be pumped or drained as desired, thus achieving frequency reconfiguration
for each monopole. Moreover, considering the position of each monopole is in a di↵erent
direction, the antenna provides polarisation diversity: vertical, horizontal and diago-
nal or a combination of them. Additionally, when one or more of the antennas were
not in use, the fluid could be drained to suppress coupling, making the design ideal
for applications where stealth is crucial. This idea is based on a new technology for
touchable keyboards that can trigger buttons that rise out of the surface using liquid.
When the buttons are not in use the buttons are pushed back and surface becomes flat.
One di culty for this design will be the implementation of the excitation ports, where
high-e ciency coupling ports are required. This technology can become essential for
modern demanding applications in terms of multiple operating frequency, high isolation
and low cost antenna requirements.
After proving a liquid solution can be used in antennas to define the e↵ective length of
a monopole and thus reconfigure its operating frequency, a liquid-switch was proposed
as a switching mechanism for a hybrid reconfigurable Vivaldi antenna (design C). A
2 mol KCl solution was introduced as a low-cost liquid to replace an electronic switch.
The liquid switch can dynamically adjust the operating frequency and it provides a
low-cost highly flexible alternative to the conventional RF switch.
Design C presented higher losses compared to design B as expected, although the high
gain and direction of the main lobe was preserved. Isolation between bands was better
for design B as the conductivity of copper is higher than the ionised solution conduc-
tivity. Although the di↵erence was 9 dB in high-band mode and 0.5 dB in low-band
mode, the requirements of the project were met. Design C extended the operating band
of the antenna as the liquid-switch operates like an absorber of EM waves by slowly
absorbing the waves instead of creating a short circuit. An extended band can be useful
in applications where a dynamic wide spectrum needs to be monitored.
To conclude, the liquid-switch hybrid Vivaldi antenna met the requirements of this
research project while providing the possibility of continuous frequency tuning if needed.
A pumping system such as a diaphragm can provide advantages to the design by being
able to dynamically control the antenna while not degrading the antenna performance.
The pumping system can be fabricated using a 3D-printing technique. This liquid switch
can be used in many other designs easily providing continuous frequency tuning which
conventional RF switches cannot.
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6.4 Fulfilling the project aim
The aim of this research project was to develop new designs of reconfigurable anten-
nas that are able to work across a wide frequency range while maintaining radiation
characteristics, such as radiation pattern and polarisation, and fulfilling the industrial
requirements.
Three designs have been proposed: a band-switching Vivaldi antenna using RF-MEMS
switches (design A), a band-switching Vivaldi antenna using a GaAs MMIC switch
(design B) and a hybrid Vivaldi antenna using a novel liquid-switch (design C). The
first two used RF switches to tune the frequency band while the third design used a
novel liquid-switch designed in this project achieving less coupling from the bias lines.
Design B and design C fulfil the industrial requirements of:
• Frequency tuning maintaining radiation characteristics as they can tune
their operating frequency maintaining the direction of main radiation and polari-
sation of the antenna.
• Low cost as these planar antennas are designed on a substrate and can be fabri-
cated using etching techniques and a 3D printer for the liquid switch case in design
C. The ionised solution utilised is KCl solution, although it can be replaced by
seawater achieving similar results.
• Portability as the antennas measure 250 mm x 150 mm.
• High-gain as both antennas present a minimum of 11 dBi in low-band mode and
a minimum of 10.8 dBi in high-band mode.
• Good isolation between bands as the minimum isolation achieved by design C
is 14.5 dB and the minimum isolation achieved by design B is 25.7 dB. An isolation
of 14 dB means there is a ratio of 25 between the gain at the operating band and
the gain at the rejected band.
Thus, the aim of this project has been fulfilled by the design of two novel reconfigurable
antennas based on a Vivaldi antenna. The first approach allows an RF switch to tune
the operating frequency while maintaining the radiation characteristics, while the second
approach introduces a novel tuning mechanism which can be applied to other antennas
as well. This was accomplished by a study of a low-cost KCl solution to replace the
existing expensive liquid metals like EGaIn or Galinstan currently employed in fluid
antennas.
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6.5 Novel contributions to research
The main novel contributions to research of this project are as follows:
1. Introduced a novel technique to tune the operating frequency of a Vivaldi antenna
that preserves high gain, e ciency and the radiation pattern.
2. Provided strong empirical evidence that a KCl solution can be utilised as radiating
part of a highly flexible reconfigurable antenna.
3. Tested a novel liquid switch which can be utilised for other antenna designs to
tune various antenna characteristics.
4. Introduced a new concept of antennas-on-demand which can be advantageous to
security applications, meaning antennas can be made available or non-radiating to
eliminate detection and interferences when necessary.
6.6 Future work
A number of areas can be explored in order to continue in line with this research project.
• The “antennas-on-demand” novel concept was proposed in this thesis. The concept
is displayed in a planar antenna using multiple fluid monopoles, but it can be
extrapolated to any desirable design. This design includes three monopoles in
di↵erent directions so as to provide polarisation diversity. As explained in chapter
5, a coupled feed is needed as an SMA connector creates a fissure in a sealed
encasing material for a radiating fluid causing a possible leakage. Coupled feeds
will need to be investigated to achieve e cient power coupling. Flexible resin can
be used to accommodate di↵erent shapes for the fluid, but the actual design needs
to be investigated and then tested. Additionally, the best approach to pump in
and out water needs to be studied, either by pumping in water that pushes air out
and then pumping air in to push water out or by creating a vacuum and pump
water in and out. Moreover, for future designs a study of micropumps available in
the market is required to compare cost, chemical resistance, flow rates and size.
• Although some KCl solutions and NaCl solutions have already been investigated
in this research project, further research including other solutions is required in
this topic. A complete study can determine what solution provides the highest
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conductivity. Additionally, a test comparison with seawater from di↵erent places
can establish a model for the utilisation of seawater in fluid antennas.
• The evaporation and crystallisation problems need to be addressed either by
proposing other enclosing cases or by introducing another element into the so-
lution to mitigate these problems.
• The hybrid Vivaldi antenna that currently operates in two bands should be ex-
panded to more bands. A hybrid Vivaldi antenna with multiple bands could cover
all bands in the wide operating band of the Vivaldi antenna design. Multiple
liquid-switches can be introduced at di↵erent positions of the slot. Later, a con-
tinuous frequency tuning can be achieved by introducing the liquid in the slot at
any requested point. A liquid switch for the stub may be necessary to match all
the operating bands.
• The liquid container needs further research to ensure it is leakproof as for this
project silicone was used to block any leak. A complete study is required to
determine the best mechanical design.
• Further research in the KCl solution monopole is required to study how the
impedance is altered with the type of liquid solution introduced and the amount
of liquid in the monopole and leverage this understanding.
• The dielectric properties of a KCl solution change with temperature, which means
the performance of the liquid switch may be degraded depending on the environ-
mental conditions. Although temperature change can be compensated using a
pump, a full test and analysis is required in this topic.
• Finally, in-depth study of the best shape for the liquid switch is required. By
analysing the best approach and dimensions of the liquid switch using CST Mi-
crowave Studio a full understanding can be leveraged to produce the most e cient
case. Furthermore, di↵erent pumping techniques should be analysed such as a
diaphragm to determine the fastest and most e cient for the design.
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Appendix A
Software package
To fulfil the stated aim, a Computational Electromagnetic tool is deemed necessary to
perform the analysis of proposed designs. CSTMicrowave Studio is chosen for several
reasons. First, a license for this software tool is already available in the Department of
Electronic and Electrical Engineering from UCL. Second, this package encompasses a
wide range of solvers that can be useful for simulating a wide range of reconfigurable
antenna designs. Third, a lot of complementary tools work together with CST, such as
Antenna Magus, which can aid and expedite the process of designing new antennas. And
finally, CST is the most accurate full-3D EM simulator tool for time analysis antenna
design and simulation currently available for designing antennas.
As explained in [116] CST Transient Solver uses the Finite Integration Technique (FIT)
to discretise Maxwell’s equation in their integral form, based on the technique devel-
oped by Weiland in 1977 [117]. The resulting discretised fields in matrix equations are
suitable for computers to e ciently simulate real-world electromagnetic field problems
with complex geometries.
The first step for the FIT discretisation is to restrict the EM field open-boundary problem
to a simply connected and bounded space region that contains the region of interest.
The next step is to decompose the computational domain into a locally finite number
of cells fitting to each other. Then, the matrix equations can be applied to each cell to
solve it.
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A.1 Equations
Maxwell’s equations describe the electric fields which are produced by charged particles
(Gauss’s law for electricity) and by time varying magnetic fields (Faraday’s law), mag-
netic fields produced by time varying electric fields but also moving charges produce
currents (Ampere’s law) [118].
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Maxwell’s Grid Equations (MGE) come from applying the dual interlaced grids
n
G  G˜
o
to the integral form of Maxwell’s equations, presented in equations A.1 A.2 A.3 A.4,
where:
8>>>>>>>>>><>>>>>>>>>>:
~E electric field intensity
~H magnetic field intensity
~D electric flux density
~J electric current density
~B magnetic flux density
⇢ charge density
(A.5)
The discretisation’s algebraic properties enable the development of long-term stable
numerical time integration schemes and accurate eigenvalue solvers avoiding spurious
modes, considering that basic properties of analytical fields are maintained when moving
from R3 to the grid doublet
n
G  G˜
o
since the set of matrix equations created by the
FIT is a consistent discrete representation of the original field equations.
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The FIT is a discretisation technique that transforms the integral form of Maxwell’s
Grid Equations (equations A.6 A.7 A.8 A.9) onto a dual grid cell complex, resulting in
a set of discrete matrix equations as shown in equations A.10 A.11 A.12 A.13 [117].
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 DAb˙ = CDse (A.10)
SDAb = 0 (A.11)
D˜A (i+Dee˙) = C˜D˜sD
 1
µ b (A.12)
S˜D˜ADee = q (A.13)
This set of matrix equations is a one-to-one translation of Maxwell’s equations from R3
to a grid space doublet
n
G  G˜
o
. Combining these matrix equations a general real-
valued algebraic eigenvalue problem is obtained. Hence, it is possible to find unique
solutions [119].
A.2 Validation
Many published papers in journals, such as IEEE Transactions, have reported the use
of CST Microwaves Studio and compared their simulation results to their experimental
results, getting up to 5 to 10 % variation [120, 121].
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As part of this research project a number of CST simulation results have been validated
in order to determine reliability of the CST Microwave Studio simulation results. The
measured and simulated results were found to be principally coincident, although some
variations at certain frequencies were found of a di↵erence up to 2 dB. These discrepan-
cies can be explained by environment unaccounted reflections in the measurements and
material inaccuracies because of limitations in characterising materials to be introduced
in the software tool.
Appendix B
Relation between antenna design
equations and frequency
The relation between antenna design parameters calculated for di↵erent frequencies are
presented here. The design parameters include: Slot length (Lslot) in Figure B.2, Stub
length (Lstub) in Figure B.3 and Stub position (Posstub) in Figure B.4, as shown in
Figure B.1.
The following equations describe the relation between Lslot, Lstub and Posstub across
frequency, when frequency is introduced in GHz.
Lslot (f(GHz)) =
0.75
4 · f (B.1)
Lstub (f(GHz)) =
0.15
4 · f (B.2)
Posstub (f(GHz)) =
0.25
4 · f (B.3)
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(a) Top view
(b) Bottom view
Figure B.1: Top and bottom view of the Vivaldi antenna with design parameters.
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Figure B.2: Relation between slot length and frequency described in equation B.1.
Figure B.3: Relation between stub length and frequency described in equation B.2.
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Figure B.4: Relation between stub position and frequency described in equation B.3.
